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We present an approach for initiating and tracing ultra-fast electron dynamics in core-excited
atoms, molecules and solids. The approach is based on stimulated resonant inelastic x-ray scattering
induced by a single, chirped, broadband XUV/x-ray pulse. A first interaction with this pulse
prepares a core-excited state wave packet by resonant core-excitation. A second interaction with
the pulse at a later time induces the transition to valence-excited states which is associated with
stimulated emission. The preparation of the core-excited wave packet and the transition from
the core-excited states to the valence-excited states occur at distinct chirp-dependent times. As a
consequence, the stimulated emission carries information about the time evolution of the core-excited
state wave packet.
I. INTRODUCTION
The availability of femtosecond and attosecond pulses
at free electron lasers (FEL) [1–3] and at table-top
sources based on the high-harmonic generation process
[4] makes the observation of ultra-fast processes on at-
tosecond and few-femtosecond timescales possible. This
is paving the way towards the investigation of fundamen-
tal aspects associated with the purely electronic response
of molecular systems to prompt perturbations. It is an-
ticipated that experiments using these novel light sources
will provide insight into the first steps of chemical reac-
tions that are governed by purely electronic motion [5–8].
So far, experiments that have aimed at ultra-fast elec-
tron dynamics and nuclear dynamics were based on high
harmonic spectroscopy [9–13], XUV-induced fragmen-
tation [14–18] combined with ion charge and momen-
tum spectroscopy, XUV-pump-XUV-probe schemes [19]
as well as on combinations of a NIR pulse and an XUV
pulse that arrive at the sample under investigation with
a variable time-delay [20–26]. In this context, broad-
band XUV pulses have been used to initiate electron
dynamics which was subsequently probed using a time-
delayed NIR pulse by means of streaking [20], modifi-
cation of the dipole response with the NIR [21, 27] and
mass spectrometry after NIR-induced fragmentation [22].
Also other schemes, where the pulses switched role, have
been considered to initiate and trace electron dynam-
ics. For instance, NIR pulses have been employed to
initiate electron and nuclear dynamics which were sub-
sequently probed by transient absorption spectroscopy
using a time-delayed XUV pulse [23–26] or mass spec-
trometry after XUV-induced dissociation [28]. Here, we
suggest to employ chirped x-ray/XUV pulses to inititate
and probe electron dynamics. Chirped visible laser pulses
have been previously explored to initiate and control nu-
clear dynamics [29–31]. The modulation of phases and
spectral components in photo excitation pulses has been
demonstrated to provide optical control of the primary
step of photoisomerization [32, 33] and theoretical inves-
tigations have considered various types of spectroscopies
that are suitable to trace non-adiabatic dynamics at con-
ical intersections [34].
To transfer these kind of studies to the sub-
femtosecond regime, attosecond-pump-attosecond-probe
experiments are anticipated to be of importance [35].
Here, pump-probe spectroscopy and multidimensional
spectroscopy [36] with attosecond XUV/x-ray pulses are
particularly promising since it allows one to trace dynam-
ics with both high spectral and high temporal resolution
[23, 24, 37]. Moreover, the element-specificity of core-
excitations can give rise to spatial sensitivity in hetero-
atomic systems. This feature is particularly advanta-
geous in the context of tracing ultrafast charge transfer
processes in molecular systems [38–42]. In contrast to
indirect and ambiguous probing of electron dynamics by,
for instance, photo-induced fragmentation which involves
nuclear motion [22], spectroscopy allows for the recon-
struction of the time-dependent electronic state [23] or
observables that are directly related to the electron dy-
namics [41–43].
To our best knowledge, attosecond-pump-attosecond-
probe experiments tracing attosecond electron dynamics
have not yet been conducted. This appears to be pre-
dominantly due to the low photon flux of the attosecond
pulses that have been available. This has prevented their
use to induce nonlinear processes. Recently, however, the
production of intense attosecond pulse with pulse ener-
gies in the range of nJ to µJ that are suitable for this
purpose has been demonstrated at HHG [44–47] sources
as well as at FELs [3]. The implementation of attosecond-
pump-attosecond-probe experiments can therefore be an-
ticipated for the near future.
Still, the time-resolution achievable in pump-probe ex-
periments based on these intense attosecond pulses is
suboptimal due to properties of the pulses originating
from their specific creation process. For instance, pulses
created by the HHG process are intrinsically chirped [48].
Thus, these pulses are not as short as their often very
large bandwidth would allow for. This affects the time
resolution achievable in experiments using these pulses.
Also the time-resolution achievable in pump-probe exper-
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2iments at FELs is limited by the generation process. In
particular at FELs that are based on the self amplified
spontaneous emission (SASE) process, the arrival time
of the pulses strongly fluctuates [2]. This complicates
the synchronization of two SASE pulses and thus lim-
its the time resolution achievable in pump-probe experi-
ments using them.
In this work, we present an alternative spectroscopic
technique applicable to tracing ultra-fast dynamics upon
core-excitation and which improves for this particular
purpose the time resolution achievable with the ultra-
short pulses available. The technique presented is based
on single, linearly chirped, broadband pulses which
are used to obtain dynamical information of atoms or
molecules with sub-pulse duration time resolution. The
approach can therefore be implemented by pulses cre-
ated by the HHG process which are intrinsically linearly
chirped. Another interesting feature of the approach rep-
resents the fact that it is based on single, isolated pulses.
This means in particular that a synchronization of two
pulses, as in conventional pump-probe experiments, is
not necessary. Therefore, the approach is insensitive to
the arrival time jitter that is present, for instance, at
SASE FELs. In this context, it should be noted that
FEL pulses can be chirped [2]. Hence, the approach pre-
sented might be used to push the achievable time resolu-
tion and the dynamics that can be investigated at table-
top sources as well as at FEL towards shorter timescales.
The technique presented is based on the stimulated res-
onant inelastic XUV/x-ray scattering process (SRIXS)
induced by a broadband, linearly chirped XUV/x-ray
pulse. SRIXS is an inelastic two-photon process in which
a photon with frequency ω1 is absorbed causing the pro-
motion of a core electron to an unoccupied orbital. A sec-
ond interaction with the light field causes subsequently
the refilling of the core-hole by a valence electron, which,
in the following, will be referred to as ’dump’ transition.
In the course of the process, a photon with a second fre-
quency ω2 6= ω1 is emitted.
The key idea of the approach presented is based on
the fact that in a chirped pulse, different frequencies ar-
rive at different times at the system exposed to the field.
Using broadband pulses, energetically distinct classes of
transitions can be induced at distinct times. As it has
been recently discussed in the context of two-photon ion-
ization [49], this can be used to realize pump-probe ex-
periments with a single pulse. In the context of SRIXS,
as it is shown in this work and sketched in Fig. 1, it
can be used to prepare core-excited state wave packets
and to probe them by the dump transition after a chirp-
dependent time-delay. As it is demonstrated in the fol-
lowing, the dynamics associated with the wave packet of
core-excited states are then imprinted in the photo emis-
sion that accompanies the refilling of the core hole. In
this way, ultra-fast electronic processes following core-
excitation such as charge migration in molecules can be
evidenced and investigated with sub-pulse-duration time
resolution.
This paper is structured as follows: first, we develop,
(a)
  
ground state
valence-excited states
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FIG. 1. (a) Wigner distribution of a chirped electric field of
the form given in Eq. 1. (b) Stimulated resonant inelastic
x-ray scattering. The field induces transitions with transition
energies ω1 associated with core-excitations (blue arrow with
solid line in (b)) and ω2 associated with dump transitions (red
arrow with dashed line in (b)) at different times.
based on time-dependent perturbation theory, a theory
of SRIXS induced by linearly chirped, broadband pulses.
This approximate theory shows the potential of the ap-
proach to probe ultra-fast electron dynamics upon core-
excitation. Second, we validate the approximate the-
ory by means of numerical simulations concerning argon
atoms using the Maxwell-Bloch approach described in
Ref. [50]. Thereby, we demonstrate the applicability of
the approach to initiate and to monitor few-fs electron
dynamics upon resonant core-excitation in atoms.
II. THEORY OF SRIXS WITH CHIRPED,
BROADBAND PULSES
In the following, we develop a theory of SRIXS induced
by chirped broadband x-ray/XUV pulses. For this pur-
pose, we first consider the dynamics that are induced by
3a chirped field in few level systems representing atoms
or molecules. On this basis, we determine the time-
dependent polarization that enters Maxwell’s equations
which we subsequently solve approximately to obtain the
spectrum of the transmitted light. If not stated other-
wise, atomic units will be used.
A. Field-induced dynamics
In the following, we focus our considerations on linearly
chirped pulses with electric fields that have the form:
E(t) =
1
2
[E(t)ei(ω0− tβ )t + c.c.]. (1)
Here, ω0 represents the carrier frequency, E(t) denotes an
envelope which varies slowly in time with respect to the
phase factor eiω0t and β > 0 determines the magnitude
of the chirp. In the following, we consider a few level
system that may represent an atom or a molecule whose
state is described by the wave function |ψ(τ)〉:
|ψ(t)〉 = α0(t)|0〉+
∑
I
αI(t)|I〉+
∑
F
αF (t)|F 〉. (2)
Here, |0〉 denotes the ground state, |I〉 represent core-
excited states that are dipole-coupled to the ground state,
|F 〉 are valence-excited states that are dipole-coupled to
the core-excited states and α0(t), αI(t), αF (t) represent
in the subsequent considerations state amplitudes in the
interaction picture.
1. Transition amplitudes of core-excited states αI
To determine the amplitudes αI approximately, we
consider the transition amplitude in first-order time-
dependent perturbation theory:
αI(t) ∼ 1
2i
dI,0
∫ t
−∞
dt′
[E(t′)ei(ω0− t′β )t′ + c.c.]ei(EI−E0)t′
(3)
where dI,0 represent dipole transition matrix elements
between the core excited state |I〉 to the ground state
and EI , E0 represent the energies of |I〉 and the ground
state, respectively. Noting that the integral given in Eq.
3 has only significant values when t is on the order or
larger than tI = (ω0 −EI +E0)β2 , one finds that, as one
intuitively expects, the interaction with the chirped pulse
induces the core-excitations in the vicinity of times at
which the instantaneous carrier frequency ωinst(t) = ω0−
2t
β is resonant with the respective transitions (ωinst(tI) =
EI − E0). For times t much larger than ∼ tI +
√
β, the
amplitudes can be found (for details, see the Appendix
1) to be approximatly:
αI(t tI +
√
β) ∼ − 1
2i
√
piβdI,0E(tI)e−i
t2I
β ei
pi
4 . (4)
Note that this expression coincides with the transition
amplitude associated with the interaction of the sys-
tem with a resonant field with a constant amplitude
E(tI)e−i
t2I
β ei
pi
4 during a time interval ∆t with length
√
piβ.
This can intuitively be understood when noting that the
energy uncertainty associated with this time interval via
the time-energy uncertainty relation is on the order of
the change of the instantaneous carrier frequency during
this very same time interval.
∆ω := |ωinst(t)− ωinst(t+
√
piβ)| = 2
√
pi
β
=
2pi
∆t
(5)
That is, the excitations effectively occur during time
intervals during which the instantaneous carrier fre-
quency is resonant with the respective transition energy
up to the energy uncertainty.
2. Transition amplitudes of valence-excited states αF
Under the same assumptions, analogous considerations
based on second-order time-dependent perturbation the-
ory (for details, see the Appendix 2) concerning the dump
transitions show that these are induced by the field in
the vicinity of tF,I = (EF − EI + ω0)β2 , i.e., at times
when the instantaneous carrier frequency is resonant with
the dump-transitions. For tF,I − tI >
√
piβ, the core-
excitation and the dump transition are predominantly
induced during non-overlapping time intervals so that
in this situation, the transition amplitudes can be ap-
proximated in terms of products of the amplitudes of the
core-excited states (Eq. 4) and first order transition am-
plitudes from core-excited states to the valence excited
states. This yields:
αF (t tF,I +
√
piβ
2
) ∼
− 1
2i
ei
t2F,I
β
√
piβe−i
pi
4 E(tF,I)
∑
I
αI(t t1 +
√
β)dF,I
(6)
Here, dF,I are dipole matrix elements between the va-
lence excited state |F 〉 and the core excited state |I〉.
3. Impulsive limit
On the basis of the previous considerations, one can de-
termine the limit in which the interaction with a chirped
pulse may represent a pump-probe experiment with a
well defined time delay. According to Eq. 4, the times
tI may be replaced by an averaged excitation time tI →
t1 = 〈tI〉I (here, 〈...〉I represents averaging over all core-
excited states involved) if the temporal range spanned
by the times tI is small in comparison to the dynamical
timescales being probed, small in comparison to
√
β as
4well as small in comparison to the characteristic timescale
on which the slowly varying envelope E changes. Under
the analogous assumptions if the level spacings between
the valence excited states are much smaller than the level
spacing between ground state and valence excited states,
the times tF,I may be replaced by an average deexcita-
tion time t2 → 〈tF,I〉F,I . In this limit, the interaction
with the field is effectively impulsive. That is, the prepa-
ration of the core-excited state wave packet as well as its
probe by the dump transitions occur effectively promptly
with respect to the relevant timescales and a well-defined
pump-probe time-delay t2 − t1 exists.
B. Spectrum of the transmitted light
We now turn to the spectrum of the transmitted field.
For this, we approximately solve Maxwell’s equations for
the situation considered. In the slowly varying envelope
approximation, they reduce to an equation for the spec-
tral envelope of the field E˜ (see for instance Ref. [37])
∂E˜(z, ω)
∂z
= 2pii
ω
c
P˜(z, ω) (7)
where P˜(z, ω) denotes the Fourier transform of the po-
larization P(z, τ) = ρ〈ψ(z, t)|D|ψ(z, t)〉, c represents the
velocity of light, ρ is the atomic number density, D is the
dipole operator and ψ(z, τ) is the electronic wave func-
tion of an atom at position z.
In the impulsive limit, under the assumptions that the
field keeps the form given in Eq. 1 and the excitation
probability of core-excited states remains mostly prop-
agation distance independent, Eq. 7 can be integrated
analytically (for details, see the Appendix 3) yielding
the spectral envelope of the field after the transmission
through the sample E(L, ω) at frequencies in the vicinity
of the dump-transition energies:
|E˜(L, ω)|2 ∼ |E˜(0, ω)|2eσ(ω)ρL. (8)
Here, σ represents the emission cross section which is
given by:
σ = −pi
2ωβ|E(t1)|2
c
Im
[ ∑
I,I′,F
d0,I′dI,0dI′,F dF,Ie
−i(EI−EI′ )(t2−t1)
1
EF − EI + ω + iΓI2
e−
ΓI (t2−t1)
2 e−
Γ
I′ (t2−t1)
2
]
; (9)
L denotes the propagation distance and ΓI represent
the decay rates of the core-excited states |I〉. It is
worth noticing that the appearance of the phase factors
e−i(EI−EI′ )(t2−t1) in Eq. 9, which are related to the time
evolution of the core-excited state wave packet, shows the
potential of the approach to initiate and to probe ultra-
fast electron dynamics upon resonant core excitation.
C. Requirements
In the following, we discuss the requirements of the
approach concerning (I) the systems to which it can be
applied to and (II) concerning the pulse parameters that
are needed to realize the approach.
(I) For the above considerations to be valid, the level
spacing between the core-excited states and be-
tween the valence excited states, respectively, has
to be much smaller than the level spacing between
ground state and valence excited states. Typically,
the level spacing between core-excited states as well
as between valence-excited states, is on the order of
∼ 1 eV whereas the spacing between ground state
and valence excited states is usually on the order
of ∼ 10 eV to several tens of eV. As indicated by
the numerical simulations concerning argon atoms
discussed below, this can be sufficient.
(II) Concerning the pulse parameters, the above con-
siderations indicate that a pump-probe experiment
associated with a finite time delay, can be imple-
mented using single, linearly chirped pulses induc-
ing the SRIXS process if:
(a) The bandwidth of the pulse exceeds the energy
gap ∆E between ground state and valence-
excited states.
(b) ∆E β2 (the effective time-delay) is larger than
the time resolution
√
piβ achievable represent-
ing a constraint to the chirp parameter: β >
4pi
∆E2 .
(c) The dynamical timescales being probed ex-
ceed the achievable time-resolution
√
piβ.
Noting that the level spacing between ground state
and valence-excited states in atoms, molecules and
solids is typically on the order of one to a few tens
of eV. This energy spacing is covered by the band-
width of broadband pulses created by the high-
harmonic generation process (HHG) which is typi-
cally in the range of 10 eV to even more than 100 eV
[51]. Moreover, the pulses produced by the HHG
process may also fulfill the constraint β > 4pi∆E2
(II)(b). For instance, for ∆E ∼ 1 a.u. (which
is for instance often realized for valence excita-
tions involving inner-valence electrons), β has to
be larger than 12 aseV . The pulses originating from
HHG are intrinsically chirped. Depending on the
driver wavelength and the driver intensity [48, 52],
it has been shown that their chirp β can be varied
from 8 aseV to 41
as
eV [48]. Hence, these pulses can ex-
hibit a chirp parameter larger than 12 aseV and thus
may fulfill condition (II)(b). For ∆E ∼ 1 a.u., the
effective time interval between core-excitation and
dump transitions corresponding to chirp parame-
ters β between 12 aseV and 41
as
eV ranges between
150 as to ∼ 600 as so that these pulses created by
the HHG process might be used to implement the
5approach presented. In particular, this might be
useful to evidence and investigate charge migration
in molecules upon core excitation which occurs on
sub-fs timescales [53]. It should be noted, however,
that the pulses created by the high-harmonic gen-
eration process exhibit chirp parameter with both
positive as well as negative sign. In order to imple-
ment the approach presented, one therefore has to
ensure that the atoms only interact with the part of
the pulse that exhibits a positive chirp parameter
β. This could be achieved by appropriatly select-
ing the long trajectories [54] or by phase-matching
only the long trajectories.
Also FEL pulses in the x-ray regime, which typ-
ically have a spectral bandwidth on the order of
1 % to several percent of the central photon en-
ergy [2, 55, 56], can cover the energy gap between
ground state and valence-excited states (condition
(II)(a)). Moreover, they can be chirped [57, 58].
For instance at FLASH in Hamburg [1], the pulses
could potentially be chirped in such a way that the
arrival times of frequencies in the range up to ∼ 4 %
of the photon energy are stretched over a time in-
terval on the order of tens of femtoseconds [59].
This could allow one to trace dynamics on few 10-
fs timescales which could be used to trace nuclear
dynamics upon core-excitation.
III. APPLICATION
In the following, we exemplify the approach by means
of SRIXS at the argon L-edge. For the simulation of
SRIXS, we solved the coupled Schro¨dinger equation and
Maxwell’s equations numerically in the rotating wave
approximation and the slowly varying envelope approx-
imation as described in [50]. The atomic transition
dipole matrix elements and the electronic energies were
obtained from the relativistic configuration interaction
code FAC [60] whereby the calculations were restricted
to dipole-allowed transitions involving states in which
electrons populate the shell with main quantum num-
bers from 1 up to 4. Valence ionization as well as the
Auger decay of core holes is phenomenologically included
as described in Ref. [50]. The decay rates of the core-
excited states considered, which were needed for the nu-
merical simulations as well as for the analytical emission
cross section, were determined by the flexible atomic code
(FAC) [60] to be approximately 100 meV. The valence-
ionization cross section was set, according to [61], to
∼ 0.4 Mb. The envelope of the fields considered were
chosen to be of Gaussian form (i.e., E(t) = Emaxe−
t2
2τ2
); the amplitude Emax = E0
(1+n2)
1
4
, the pulse duration
τ =
√
1 + n2 and the chirp parameter β = 2(1+n
2)
n were
parametrized such that, as in Refs. [49, 62], the power
spectra of the pulses are chirp parameter independent.
|I〉 d0,I(a.u.) EI (eV)
3s23p6 → 2p54s1
[2p33/24s
1
1/2]P1 0.0229 244.0
[2p11/24s
1
1/2]P1 -0.0163 246.1
3s23p6 → 2p53d1
[2p33/23d
1
5/2]P1 -0.0239 246.7
[2p11/23d
1
3/2]P1 0.0169 248.9
TABLE I. The dipole matrix elements d0,I as well as transi-
tion energies EI of the most relevant transitions between the
ground state and the core-excited states |I〉 included in the
model.
|I〉 |F 〉 dI,F (a.u.) EI - EF (eV)
2p54s1 → 3s14s1
[2p33/24s
1
1/2]P1 [3s11/24s
1
1/2]S1
-0.0618 214.7
[2p11/24s
1
1/2]P1 -0.0831 216.8
[2p33/24s
1
1/2]P1 [3s11/24s
1
1/2]S0
-0.0852 214.3
[2p11/24s
1
1/2]P1 0.0603 216.4
2p53d1 → 3s13d1
[2p33/23d
1
5/2]P1 [3s11/24d
1
3/2]S2
0.06 214.8
[2p11/23d
1
3/2]P1 0.0674 217.0
[2p33/23d
1
5/2]P1 [3s11/24d
1
5/2]S2
-0.0809 214.8
[2p11/23d
1
3/2]P1 0.0639 216.9
TABLE II. The non-vanishing dipole matrix elements dI,F in
atomic units as well as transition energies (EI - EF ) in eV of
the most relevant transitions between the core-excited states
|I〉 and valence excited states |F 〉 included in the model.
In the calculations, the parameter n was varied between
1 and 128.
We chose the central carrier frequency ω0 to 230 eV
and the spectral bandwidth was set to be ∼ 45 eV so
that the pulses employed are able to induce transitions
from both the ground state to the core excited states
that are associated with the promotion of a 2p electron
to the nd (n ≥ 3) or ns (n ≥ 4) orbitals as well as from
these respective core excited states to the valence excited
states that are reached by the refilling of the core hole by
a 3s electron.
For the fields considered, one finds that the pulses at
first primarily create a coherent superposition of the core-
excited states that are associated with the the promotion
of a 2p electron to a 4s orbital (i.e., the spin-orbit-split
states :[2p33/24s
1
1/2]P1 and [2p
1
1/24s
1
1/2]P1) and to a 3d
orbital (i.e., [2p33/23d
1
5/2]P1 and [2p
1
1/23d
1
3/2]P1). This
is shown in Fig. 4 for a pulse with chirp parameter
β = 90 aseV . The excitation process is essentially restricted
to a time interval of length
√
piβ which is approximately
400 as for β = 90 aseV . Subsequently, the populations of
the core-excited states exhibit oscillations with decreas-
ing amplitude around a decreasing mean value whereby
the decreasing mean-value reflects the Auger decay of
the 2p core holes with a life time of ∼ 5.7 fs [63]. The
second interaction of the pulses induces then transitions
that are associated with the refilling of the 2p hole by a
3s electron. In Fig. 4, this can be seen by the increasing
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e↵ective time delay in units of fs
<latexit sha1_ base64="JAgtOP22WSmj/f1gpAK BgAkwLm8=">AAACE3icbVA9SwNB EN2LXzF+nVraLAZBLMKdCKYM2Fh GMB+QhLC3mUuW7O0du3PBcOQ/2 PhXbCwUsbWx89+4+Sg08cHA470Z ZuYFiRQGPe/bya2tb2xu5bcLO7t 7+wfu4VHdxKnmUOOxjHUzYAakUF BDgRKaiQYWBRIawfBm6jdGoI2I1 T2OE+hErK9EKDhDK3XdizbCA2YQ hsBRjICiiID2QLIxFYqmSqChcUh DM+m6Ra/kzUBXib8gRbJAtet+tX sxTyNQyCUzpuV7CXYyplFwCZNCO zWQMD5kfWhZqlgEppPNfprQM6v 0aBhrWwrpTP09kbHImHEU2M6I4c Ase1PxP6+VYljuZEIlKYLi80VhK inGdBoQ7Qlto5BjSxjXwt5K+YBp xtHGWLAh+Msvr5L6Zcn3Sv7dVbF SXsSRJyfklJwTn1yTCrklVVIjnD ySZ/JK3pwn58V5dz7mrTlnMXNM/ sD5/AEqcp5F</latexit><latexit sha1_ base64="JAgtOP22WSmj/f1gpAK BgAkwLm8=">AAACE3icbVA9SwNB EN2LXzF+nVraLAZBLMKdCKYM2Fh GMB+QhLC3mUuW7O0du3PBcOQ/2 PhXbCwUsbWx89+4+Sg08cHA470Z ZuYFiRQGPe/bya2tb2xu5bcLO7t 7+wfu4VHdxKnmUOOxjHUzYAakUF BDgRKaiQYWBRIawfBm6jdGoI2I1 T2OE+hErK9EKDhDK3XdizbCA2YQ hsBRjICiiID2QLIxFYqmSqChcUh DM+m6Ra/kzUBXib8gRbJAtet+tX sxTyNQyCUzpuV7CXYyplFwCZNCO zWQMD5kfWhZqlgEppPNfprQM6v 0aBhrWwrpTP09kbHImHEU2M6I4c Ase1PxP6+VYljuZEIlKYLi80VhK inGdBoQ7Qlto5BjSxjXwt5K+YBp xtHGWLAh+Msvr5L6Zcn3Sv7dVbF SXsSRJyfklJwTn1yTCrklVVIjnD ySZ/JK3pwn58V5dz7mrTlnMXNM/ sD5/AEqcp5F</latexit><latexit sha1_ base64="JAgtOP22WSmj/f1gpAK BgAkwLm8=">AAACE3icbVA9SwNB EN2LXzF+nVraLAZBLMKdCKYM2Fh GMB+QhLC3mUuW7O0du3PBcOQ/2 PhXbCwUsbWx89+4+Sg08cHA470Z ZuYFiRQGPe/bya2tb2xu5bcLO7t 7+wfu4VHdxKnmUOOxjHUzYAakUF BDgRKaiQYWBRIawfBm6jdGoI2I1 T2OE+hErK9EKDhDK3XdizbCA2YQ hsBRjICiiID2QLIxFYqmSqChcUh DM+m6Ra/kzUBXib8gRbJAtet+tX sxTyNQyCUzpuV7CXYyplFwCZNCO zWQMD5kfWhZqlgEppPNfprQM6v 0aBhrWwrpTP09kbHImHEU2M6I4c Ase1PxP6+VYljuZEIlKYLi80VhK inGdBoQ7Qlto5BjSxjXwt5K+YBp xtHGWLAh+Msvr5L6Zcn3Sv7dVbF SXsSRJyfklJwTn1yTCrklVVIjnD ySZ/JK3pwn58V5dz7mrTlnMXNM/ sD5/AEqcp5F</latexit><latexit sha1_ base64="JAgtOP22WSmj/f1gpAK BgAkwLm8=">AAACE3icbVA9SwNB EN2LXzF+nVraLAZBLMKdCKYM2Fh GMB+QhLC3mUuW7O0du3PBcOQ/2 PhXbCwUsbWx89+4+Sg08cHA470Z ZuYFiRQGPe/bya2tb2xu5bcLO7t 7+wfu4VHdxKnmUOOxjHUzYAakUF BDgRKaiQYWBRIawfBm6jdGoI2I1 T2OE+hErK9EKDhDK3XdizbCA2YQ hsBRjICiiID2QLIxFYqmSqChcUh DM+m6Ra/kzUBXib8gRbJAtet+tX sxTyNQyCUzpuV7CXYyplFwCZNCO zWQMD5kfWhZqlgEppPNfprQM6v 0aBhrWwrpTP09kbHImHEU2M6I4c Ase1PxP6+VYljuZEIlKYLi80VhK inGdBoQ7Qlto5BjSxjXwt5K+YBp xtHGWLAh+Msvr5L6Zcn3Sv7dVbF SXsSRJyfklJwTn1yTCrklVVIjnD ySZ/JK3pwn58V5dz7mrTlnMXNM/ sD5/AEqcp5F</latexit>
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<latexit sha1_base64="1fPnEviRtt17RZ1gICXYa6ztJZg=">AAACBnicbVA9SwNBEN2LXzF+nVqKsBgEq3AngikDNjZCBPMBuRD2NnvJkt29Y3dODEcqG/+KjYUitv4GO/+Nm+QKTXww8Hhvhpl5YSK4Ac/7dgorq2vrG8XN0tb2zu6eu3/QNHGqKWvQWMS6HRLDBFesARwEayeaERkK1gpHV1O/dc+04bG6g3HCupIMFI84JWClnnscGD6QBAfAHiDDXOFUcTA4jvBNOOm5Za/izYCXiZ+TMspR77lfQT+mqWQKqCDGdHwvgW5GNHAq2KQUpIYlhI7IgHUsVUQy081mb0zwqVX6OIq1LQV4pv6eyIg0ZixD2ykJDM2iNxX/8zopRNVuxlWSAlN0vihKBYYYTzPBfa4ZBTG2hFDN7a2YDokmFGxyJRuCv/jyMmmeV3yv4t9elGvVPI4iOkIn6Az56BLV0DWqowai6BE9o1f05jw5L8678zFvLTj5zCH6A+fzB4WRmHc=</latexit><latexit sha1_base64="1fPnEviRtt17RZ1gICXYa6ztJZg=">AAACBnicbVA9SwNBEN2LXzF+nVqKsBgEq3AngikDNjZCBPMBuRD2NnvJkt29Y3dODEcqG/+KjYUitv4GO/+Nm+QKTXww8Hhvhpl5YSK4Ac/7dgorq2vrG8XN0tb2zu6eu3/QNHGqKWvQWMS6HRLDBFesARwEayeaERkK1gpHV1O/dc+04bG6g3HCupIMFI84JWClnnscGD6QBAfAHiDDXOFUcTA4jvBNOOm5Za/izYCXiZ+TMspR77lfQT+mqWQKqCDGdHwvgW5GNHAq2KQUpIYlhI7IgHUsVUQy081mb0zwqVX6OIq1LQV4pv6eyIg0ZixD2ykJDM2iNxX/8zopRNVuxlWSAlN0vihKBYYYTzPBfa4ZBTG2hFDN7a2YDokmFGxyJRuCv/jyMmmeV3yv4t9elGvVPI4iOkIn6Az56BLV0DWqowai6BE9o1f05jw5L8678zFvLTj5zCH6A+fzB4WRmHc=</latexit><latexit sha1_base64="1fPnEviRtt17RZ1gICXYa6ztJZg=">AAACBnicbVA9SwNBEN2LXzF+nVqKsBgEq3AngikDNjZCBPMBuRD2NnvJkt29Y3dODEcqG/+KjYUitv4GO/+Nm+QKTXww8Hhvhpl5YSK4Ac/7dgorq2vrG8XN0tb2zu6eu3/QNHGqKWvQWMS6HRLDBFesARwEayeaERkK1gpHV1O/dc+04bG6g3HCupIMFI84JWClnnscGD6QBAfAHiDDXOFUcTA4jvBNOOm5Za/izYCXiZ+TMspR77lfQT+mqWQKqCDGdHwvgW5GNHAq2KQUpIYlhI7IgHUsVUQy081mb0zwqVX6OIq1LQV4pv6eyIg0ZixD2ykJDM2iNxX/8zopRNVuxlWSAlN0vihKBYYYTzPBfa4ZBTG2hFDN7a2YDokmFGxyJRuCv/jyMmmeV3yv4t9elGvVPI4iOkIn6Az56BLV0DWqowai6BE9o1f05jw5L8678zFvLTj5zCH6A+fzB4WRmHc=</latexit><latexit sha1_base64="1fPnEviRtt17RZ1gICXYa6ztJZg=">AAACBnicbVA9SwNBEN2LXzF+nVqKsBgEq3AngikDNjZCBPMBuRD2NnvJkt29Y3dODEcqG/+KjYUitv4GO/+Nm+QKTXww8Hhvhpl5YSK4Ac/7dgorq2vrG8XN0tb2zu6eu3/QNHGqKWvQWMS6HRLDBFesARwEayeaERkK1gpHV1O/dc+04bG6g3HCupIMFI84JWClnnscGD6QBAfAHiDDXOFUcTA4jvBNOOm5Za/izYCXiZ+TMspR77lfQT+mqWQKqCDGdHwvgW5GNHAq2KQUpIYlhI7IgHUsVUQy081mb0zwqVX6OIq1LQV4pv6eyIg0ZixD2ykJDM2iNxX/8zopRNVuxlWSAlN0vihKBYYYTzPBfa4ZBTG2hFDN7a2YDokmFGxyJRuCv/jyMmmeV3yv4t9elGvVPI4iOkIn6Az56BLV0DWqowai6BE9o1f05jw5L8678zFvLTj5zCH6A+fzB4WRmHc=</latexit>
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eV
<latexit sha1_base64="uUY3U loC/Csxe9AqCXOwM26vt0E=">AAACEXicbVA9SwNBEN3zM8avqKXNY hBShTsRTBmwsYxgPiAXwt5mLlmyt3fszonhuL9g41+xsVDE1s7Of+P mo9DEBwOP92aYmRckUhh03W9nbX1jc2u7sFPc3ds/OCwdHbdMnGoOT R7LWHcCZkAKBU0UKKGTaGBRIKEdjK+nfvsetBGxusNJAr2IDZUIBW dopX6p4geAjPoID5hRoWiqBBoahzSnfqgZz5jJM2jl/VLZrboz0FXi LUiZLNDol778QczTCBRyyYzpem6CvYxpFFxCXvRTAwnjYzaErqWKRW B62eyjnJ5bZUDDWNtSSGfq74mMRcZMosB2RgxHZtmbiv953RTDWi8T KkkRFJ8vClNJMabTeOhAaOAoJ5YwroW9lfIRszmgDbFoQ/CWX14lr Yuq51a928tyvbaIo0BOyRmpEI9ckTq5IQ3SJJw8kmfySt6cJ+fFeXc +5q1rzmLmhPyB8/kDZgqdWA==</latexit><latexit sha1_base64="uUY3U loC/Csxe9AqCXOwM26vt0E=">AAACEXicbVA9SwNBEN3zM8avqKXNY hBShTsRTBmwsYxgPiAXwt5mLlmyt3fszonhuL9g41+xsVDE1s7Of+P mo9DEBwOP92aYmRckUhh03W9nbX1jc2u7sFPc3ds/OCwdHbdMnGoOT R7LWHcCZkAKBU0UKKGTaGBRIKEdjK+nfvsetBGxusNJAr2IDZUIBW dopX6p4geAjPoID5hRoWiqBBoahzSnfqgZz5jJM2jl/VLZrboz0FXi LUiZLNDol778QczTCBRyyYzpem6CvYxpFFxCXvRTAwnjYzaErqWKRW B62eyjnJ5bZUDDWNtSSGfq74mMRcZMosB2RgxHZtmbiv953RTDWi8T KkkRFJ8vClNJMabTeOhAaOAoJ5YwroW9lfIRszmgDbFoQ/CWX14lr Yuq51a928tyvbaIo0BOyRmpEI9ckTq5IQ3SJJw8kmfySt6cJ+fFeXc +5q1rzmLmhPyB8/kDZgqdWA==</latexit><latexit sha1_base64="uUY3U loC/Csxe9AqCXOwM26vt0E=">AAACEXicbVA9SwNBEN3zM8avqKXNY hBShTsRTBmwsYxgPiAXwt5mLlmyt3fszonhuL9g41+xsVDE1s7Of+P mo9DEBwOP92aYmRckUhh03W9nbX1jc2u7sFPc3ds/OCwdHbdMnGoOT R7LWHcCZkAKBU0UKKGTaGBRIKEdjK+nfvsetBGxusNJAr2IDZUIBW dopX6p4geAjPoID5hRoWiqBBoahzSnfqgZz5jJM2jl/VLZrboz0FXi LUiZLNDol778QczTCBRyyYzpem6CvYxpFFxCXvRTAwnjYzaErqWKRW B62eyjnJ5bZUDDWNtSSGfq74mMRcZMosB2RgxHZtmbiv953RTDWi8T KkkRFJ8vClNJMabTeOhAaOAoJ5YwroW9lfIRszmgDbFoQ/CWX14lr Yuq51a928tyvbaIo0BOyRmpEI9ckTq5IQ3SJJw8kmfySt6cJ+fFeXc +5q1rzmLmhPyB8/kDZgqdWA==</latexit><latexit sha1_base64="uUY3U loC/Csxe9AqCXOwM26vt0E=">AAACEXicbVA9SwNBEN3zM8avqKXNY hBShTsRTBmwsYxgPiAXwt5mLlmyt3fszonhuL9g41+xsVDE1s7Of+P mo9DEBwOP92aYmRckUhh03W9nbX1jc2u7sFPc3ds/OCwdHbdMnGoOT R7LWHcCZkAKBU0UKKGTaGBRIKEdjK+nfvsetBGxusNJAr2IDZUIBW dopX6p4geAjPoID5hRoWiqBBoahzSnfqgZz5jJM2jl/VLZrboz0FXi LUiZLNDol778QczTCBRyyYzpem6CvYxpFFxCXvRTAwnjYzaErqWKRW B62eyjnJ5bZUDDWNtSSGfq74mMRcZMosB2RgxHZtmbiv953RTDWi8T KkkRFJ8vClNJMabTeOhAaOAoJ5YwroW9lfIRszmgDbFoQ/CWX14lr Yuq51a928tyvbaIo0BOyRmpEI9ckTq5IQ3SJJw8kmfySt6cJ+fFeXc +5q1rzmLmhPyB8/kDZgqdWA==</latexit>
(a) approximate theory (Eq. 9). Propagation effects
are not taken into account.
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<latexit sha1_base64="Rl+OJAxYr5z4pX3UobDLHmlYkVY=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4KjMi2GXBjcsK9gFtKZn0ThuaSYbkjliGfoAbf8WNC0Xc+gHu/BvTx0JbDwQO55zLzT1hIoVF3//2cmvrG5tb+e3Czu7e/kHx8KhhdWo41LmW2rRCZkEKBXUUKKGVGGBxKKEZjq6nfvMejBVa3eE4gW7MBkpEgjN0Uq9Y6iA8YJYMNWpFQYEZjKlQNFUCLdURhcbEpfyyPwNdJcGClMgCtV7xq9PXPI1BIZfM2nbgJ9jNmEHBJUwKndRCwviIDaDtqGIx2G42O2ZCz5zSp5E27imkM/X3RMZia8dx6JIxw6Fd9qbif147xajSzYRKUgTF54uiVFLUdNoM7QsDHOXYEcaNcH+lfMgM4+j6K7gSguWTV0njohz45eD2slStLOrIkxNySs5JQK5IldyQGqkTTh7JM3klb96T9+K9ex/zaM5bzByTP/A+fwDm/pt0</latexit><latexit sha1_base64="Rl+OJAxYr5z4pX3UobDLHmlYkVY=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4KjMi2GXBjcsK9gFtKZn0ThuaSYbkjliGfoAbf8WNC0Xc+gHu/BvTx0JbDwQO55zLzT1hIoVF3//2cmvrG5tb+e3Czu7e/kHx8KhhdWo41LmW2rRCZkEKBXUUKKGVGGBxKKEZjq6nfvMejBVa3eE4gW7MBkpEgjN0Uq9Y6iA8YJYMNWpFQYEZjKlQNFUCLdURhcbEpfyyPwNdJcGClMgCtV7xq9PXPI1BIZfM2nbgJ9jNmEHBJUwKndRCwviIDaDtqGIx2G42O2ZCz5zSp5E27imkM/X3RMZia8dx6JIxw6Fd9qbif147xajSzYRKUgTF54uiVFLUdNoM7QsDHOXYEcaNcH+lfMgM4+j6K7gSguWTV0njohz45eD2slStLOrIkxNySs5JQK5IldyQGqkTTh7JM3klb96T9+K9ex/zaM5bzByTP/A+fwDm/pt0</latexit><latexit sha1_base64="Rl+OJAxYr5z4pX3UobDLHmlYkVY=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4KjMi2GXBjcsK9gFtKZn0ThuaSYbkjliGfoAbf8WNC0Xc+gHu/BvTx0JbDwQO55zLzT1hIoVF3//2cmvrG5tb+e3Czu7e/kHx8KhhdWo41LmW2rRCZkEKBXUUKKGVGGBxKKEZjq6nfvMejBVa3eE4gW7MBkpEgjN0Uq9Y6iA8YJYMNWpFQYEZjKlQNFUCLdURhcbEpfyyPwNdJcGClMgCtV7xq9PXPI1BIZfM2nbgJ9jNmEHBJUwKndRCwviIDaDtqGIx2G42O2ZCz5zSp5E27imkM/X3RMZia8dx6JIxw6Fd9qbif147xajSzYRKUgTF54uiVFLUdNoM7QsDHOXYEcaNcH+lfMgM4+j6K7gSguWTV0njohz45eD2slStLOrIkxNySs5JQK5IldyQGqkTTh7JM3klb96T9+K9ex/zaM5bzByTP/A+fwDm/pt0</latexit><latexit sha1_base64="Rl+OJAxYr5z4pX3UobDLHmlYkVY=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4KjMi2GXBjcsK9gFtKZn0ThuaSYbkjliGfoAbf8WNC0Xc+gHu/BvTx0JbDwQO55zLzT1hIoVF3//2cmvrG5tb+e3Czu7e/kHx8KhhdWo41LmW2rRCZkEKBXUUKKGVGGBxKKEZjq6nfvMejBVa3eE4gW7MBkpEgjN0Uq9Y6iA8YJYMNWpFQYEZjKlQNFUCLdURhcbEpfyyPwNdJcGClMgCtV7xq9PXPI1BIZfM2nbgJ9jNmEHBJUwKndRCwviIDaDtqGIx2G42O2ZCz5zSp5E27imkM/X3RMZia8dx6JIxw6Fd9qbif147xajSzYRKUgTF54uiVFLUdNoM7QsDHOXYEcaNcH+lfMgM4+j6K7gSguWTV0njohz45eD2slStLOrIkxNySs5JQK5IldyQGqkTTh7JM3klb96T9+K9ex/zaM5bzByTP/A+fwDm/pt0</latexit>
e↵ective time delay in units of fs
<latexit sha1_base64="JAgtOP22WSmj/f1gpAKBgAkwLm8=">AA ACE3icbVA9SwNBEN2LXzF+nVraLAZBLMKdCKYM2FhGMB+QhLC3mUuW7O0du3PBcOQ/2PhXbCwUsbWx89+4+Sg08cHA470ZZuYFiRQGPe/by a2tb2xu5bcLO7t7+wfu4VHdxKnmUOOxjHUzYAakUFBDgRKaiQYWBRIawfBm6jdGoI2I1T2OE+hErK9EKDhDK3XdizbCA2YQhsBRjICiiID2 QLIxFYqmSqChcUhDM+m6Ra/kzUBXib8gRbJAtet+tXsxTyNQyCUzpuV7CXYyplFwCZNCOzWQMD5kfWhZqlgEppPNfprQM6v0aBhrWwrpTP0 9kbHImHEU2M6I4cAse1PxP6+VYljuZEIlKYLi80VhKinGdBoQ7Qlto5BjSxjXwt5K+YBpxtHGWLAh+Msvr5L6Zcn3Sv7dVbFSXsSRJyfklJ wTn1yTCrklVVIjnDySZ/JK3pwn58V5dz7mrTlnMXNM/sD5/AEqcp5F</latexit><latexit sha1_base64="JAgtOP22WSmj/f1gpAKBgAkwLm8=">AA ACE3icbVA9SwNBEN2LXzF+nVraLAZBLMKdCKYM2FhGMB+QhLC3mUuW7O0du3PBcOQ/2PhXbCwUsbWx89+4+Sg08cHA470ZZuYFiRQGPe/by a2tb2xu5bcLO7t7+wfu4VHdxKnmUOOxjHUzYAakUFBDgRKaiQYWBRIawfBm6jdGoI2I1T2OE+hErK9EKDhDK3XdizbCA2YQhsBRjICiiID2 QLIxFYqmSqChcUhDM+m6Ra/kzUBXib8gRbJAtet+tXsxTyNQyCUzpuV7CXYyplFwCZNCOzWQMD5kfWhZqlgEppPNfprQM6v0aBhrWwrpTP0 9kbHImHEU2M6I4cAse1PxP6+VYljuZEIlKYLi80VhKinGdBoQ7Qlto5BjSxjXwt5K+YBpxtHGWLAh+Msvr5L6Zcn3Sv7dVbFSXsSRJyfklJ wTn1yTCrklVVIjnDySZ/JK3pwn58V5dz7mrTlnMXNM/sD5/AEqcp5F</latexit><latexit sha1_base64="JAgtOP22WSmj/f1gpAKBgAkwLm8=">AA ACE3icbVA9SwNBEN2LXzF+nVraLAZBLMKdCKYM2FhGMB+QhLC3mUuW7O0du3PBcOQ/2PhXbCwUsbWx89+4+Sg08cHA470ZZuYFiRQGPe/by a2tb2xu5bcLO7t7+wfu4VHdxKnmUOOxjHUzYAakUFBDgRKaiQYWBRIawfBm6jdGoI2I1T2OE+hErK9EKDhDK3XdizbCA2YQhsBRjICiiID2 QLIxFYqmSqChcUhDM+m6Ra/kzUBXib8gRbJAtet+tXsxTyNQyCUzpuV7CXYyplFwCZNCOzWQMD5kfWhZqlgEppPNfprQM6v0aBhrWwrpTP0 9kbHImHEU2M6I4cAse1PxP6+VYljuZEIlKYLi80VhKinGdBoQ7Qlto5BjSxjXwt5K+YBpxtHGWLAh+Msvr5L6Zcn3Sv7dVbFSXsSRJyfklJ wTn1yTCrklVVIjnDySZ/JK3pwn58V5dz7mrTlnMXNM/sD5/AEqcp5F</latexit><latexit sha1_base64="JAgtOP22WSmj/f1gpAKBgAkwLm8=">AA ACE3icbVA9SwNBEN2LXzF+nVraLAZBLMKdCKYM2FhGMB+QhLC3mUuW7O0du3PBcOQ/2PhXbCwUsbWx89+4+Sg08cHA470ZZuYFiRQGPe/by a2tb2xu5bcLO7t7+wfu4VHdxKnmUOOxjHUzYAakUFBDgRKaiQYWBRIawfBm6jdGoI2I1T2OE+hErK9EKDhDK3XdizbCA2YQhsBRjICiiID2 QLIxFYqmSqChcUhDM+m6Ra/kzUBXib8gRbJAtet+tXsxTyNQyCUzpuV7CXYyplFwCZNCOzWQMD5kfWhZqlgEppPNfprQM6v0aBhrWwrpTP0 9kbHImHEU2M6I4cAse1PxP6+VYljuZEIlKYLi80VhKinGdBoQ7Qlto5BjSxjXwt5K+YBpxtHGWLAh+Msvr5L6Zcn3Sv7dVbFSXsSRJyfklJ wTn1yTCrklVVIjnDySZ/JK3pwn58V5dz7mrTlnMXNM/sD5/AEqcp5F</latexit>
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<latexit sha1_base64="1fPnEviRtt17RZ1gICXYa6ztJZg=">AAACBnicbVA9SwNBEN2LXzF+nVqKsBgEq3AngikDNjZCBPMBuRD2NnvJkt29Y3dODEcqG/+KjYUitv4GO/+Nm+QKTXww8Hhvhpl5YSK4Ac/7dgorq2vrG8XN0tb2zu6eu3/QNHGqKWvQWMS6HRLDBFesARwEayeaERkK1gpHV1O/dc+04bG6g3HCupIMFI84JWClnnscGD6QBAfAHiDDXOFUcTA4jvBNOOm5Za/izYCXiZ+TMspR77lfQT+mqWQKqCDGdHwvgW5GNHAq2KQUpIYlhI7IgHUsVUQy081mb0zwqVX6OIq1LQV4pv6eyIg0ZixD2ykJDM2iNxX/8zopRNVuxlWSAlN0vihKBYYYTzPBfa4ZBTG2hFDN7a2YDokmFGxyJRuCv/jyMmmeV3yv4t9elGvVPI4iOkIn6Az56BLV0DWqowai6BE9o1f05jw5L8678zFvLTj5zCH6A+fzB4WRmHc=</latexit><latexit sha1_base64="1fPnEviRtt17RZ1gICXYa6ztJZg=">AAACBnicbVA9SwNBEN2LXzF+nVqKsBgEq3AngikDNjZCBPMBuRD2NnvJkt29Y3dODEcqG/+KjYUitv4GO/+Nm+QKTXww8Hhvhpl5YSK4Ac/7dgorq2vrG8XN0tb2zu6eu3/QNHGqKWvQWMS6HRLDBFesARwEayeaERkK1gpHV1O/dc+04bG6g3HCupIMFI84JWClnnscGD6QBAfAHiDDXOFUcTA4jvBNOOm5Za/izYCXiZ+TMspR77lfQT+mqWQKqCDGdHwvgW5GNHAq2KQUpIYlhI7IgHUsVUQy081mb0zwqVX6OIq1LQV4pv6eyIg0ZixD2ykJDM2iNxX/8zopRNVuxlWSAlN0vihKBYYYTzPBfa4ZBTG2hFDN7a2YDokmFGxyJRuCv/jyMmmeV3yv4t9elGvVPI4iOkIn6Az56BLV0DWqowai6BE9o1f05jw5L8678zFvLTj5zCH6A+fzB4WRmHc=</latexit><latexit sha1_base64="1fPnEviRtt17RZ1gICXYa6ztJZg=">AAACBnicbVA9SwNBEN2LXzF+nVqKsBgEq3AngikDNjZCBPMBuRD2NnvJkt29Y3dODEcqG/+KjYUitv4GO/+Nm+QKTXww8Hhvhpl5YSK4Ac/7dgorq2vrG8XN0tb2zu6eu3/QNHGqKWvQWMS6HRLDBFesARwEayeaERkK1gpHV1O/dc+04bG6g3HCupIMFI84JWClnnscGD6QBAfAHiDDXOFUcTA4jvBNOOm5Za/izYCXiZ+TMspR77lfQT+mqWQKqCDGdHwvgW5GNHAq2KQUpIYlhI7IgHUsVUQy081mb0zwqVX6OIq1LQV4pv6eyIg0ZixD2ykJDM2iNxX/8zopRNVuxlWSAlN0vihKBYYYTzPBfa4ZBTG2hFDN7a2YDokmFGxyJRuCv/jyMmmeV3yv4t9elGvVPI4iOkIn6Az56BLV0DWqowai6BE9o1f05jw5L8678zFvLTj5zCH6A+fzB4WRmHc=</latexit><latexit sha1_base64="1fPnEviRtt17RZ1gICXYa6ztJZg=">AAACBnicbVA9SwNBEN2LXzF+nVqKsBgEq3AngikDNjZCBPMBuRD2NnvJkt29Y3dODEcqG/+KjYUitv4GO/+Nm+QKTXww8Hhvhpl5YSK4Ac/7dgorq2vrG8XN0tb2zu6eu3/QNHGqKWvQWMS6HRLDBFesARwEayeaERkK1gpHV1O/dc+04bG6g3HCupIMFI84JWClnnscGD6QBAfAHiDDXOFUcTA4jvBNOOm5Za/izYCXiZ+TMspR77lfQT+mqWQKqCDGdHwvgW5GNHAq2KQUpIYlhI7IgHUsVUQy081mb0zwqVX6OIq1LQV4pv6eyIg0ZixD2ykJDM2iNxX/8zopRNVuxlWSAlN0vihKBYYYTzPBfa4ZBTG2hFDN7a2YDokmFGxyJRuCv/jyMmmeV3yv4t9elGvVPI4iOkIn6Az56BLV0DWqowai6BE9o1f05jw5L8678zFvLTj5zCH6A+fzB4WRmHc=</latexit>
  in units of
as
eV
<latexit sha1_base64="uUY3UloC/Csxe9AqCXOwM26vt0E=">AA ACEXicbVA9SwNBEN3zM8avqKXNYhBShTsRTBmwsYxgPiAXwt5mLlmyt3fszonhuL9g41+xsVDE1s7Of+Pmo9DEBwOP92aYmRckUhh03W9nb X1jc2u7sFPc3ds/OCwdHbdMnGoOTR7LWHcCZkAKBU0UKKGTaGBRIKEdjK+nfvsetBGxusNJAr2IDZUIBWdopX6p4geAjPoID5hRoWiqBBoa hzSnfqgZz5jJM2jl/VLZrboz0FXiLUiZLNDol778QczTCBRyyYzpem6CvYxpFFxCXvRTAwnjYzaErqWKRWB62eyjnJ5bZUDDWNtSSGfq74m MRcZMosB2RgxHZtmbiv953RTDWi8TKkkRFJ8vClNJMabTeOhAaOAoJ5YwroW9lfIRszmgDbFoQ/CWX14lrYuq51a928tyvbaIo0BOyRmpEI 9ckTq5IQ3SJJw8kmfySt6cJ+fFeXc+5q1rzmLmhPyB8/kDZgqdWA==</latexit><latexit sha1_base64="uUY3UloC/Csxe9AqCXOwM26vt0E=">AA ACEXicbVA9SwNBEN3zM8avqKXNYhBShTsRTBmwsYxgPiAXwt5mLlmyt3fszonhuL9g41+xsVDE1s7Of+Pmo9DEBwOP92aYmRckUhh03W9nb X1jc2u7sFPc3ds/OCwdHbdMnGoOTR7LWHcCZkAKBU0UKKGTaGBRIKEdjK+nfvsetBGxusNJAr2IDZUIBWdopX6p4geAjPoID5hRoWiqBBoa hzSnfqgZz5jJM2jl/VLZrboz0FXiLUiZLNDol778QczTCBRyyYzpem6CvYxpFFxCXvRTAwnjYzaErqWKRWB62eyjnJ5bZUDDWNtSSGfq74m MRcZMosB2RgxHZtmbiv953RTDWi8TKkkRFJ8vClNJMabTeOhAaOAoJ5YwroW9lfIRszmgDbFoQ/CWX14lrYuq51a928tyvbaIo0BOyRmpEI 9ckTq5IQ3SJJw8kmfySt6cJ+fFeXc+5q1rzmLmhPyB8/kDZgqdWA==</latexit><latexit sha1_base64="uUY3UloC/Csxe9AqCXOwM26vt0E=">AA ACEXicbVA9SwNBEN3zM8avqKXNYhBShTsRTBmwsYxgPiAXwt5mLlmyt3fszonhuL9g41+xsVDE1s7Of+Pmo9DEBwOP92aYmRckUhh03W9nb X1jc2u7sFPc3ds/OCwdHbdMnGoOTR7LWHcCZkAKBU0UKKGTaGBRIKEdjK+nfvsetBGxusNJAr2IDZUIBWdopX6p4geAjPoID5hRoWiqBBoa hzSnfqgZz5jJM2jl/VLZrboz0FXiLUiZLNDol778QczTCBRyyYzpem6CvYxpFFxCXvRTAwnjYzaErqWKRWB62eyjnJ5bZUDDWNtSSGfq74m MRcZMosB2RgxHZtmbiv953RTDWi8TKkkRFJ8vClNJMabTeOhAaOAoJ5YwroW9lfIRszmgDbFoQ/CWX14lrYuq51a928tyvbaIo0BOyRmpEI 9ckTq5IQ3SJJw8kmfySt6cJ+fFeXc+5q1rzmLmhPyB8/kDZgqdWA==</latexit><latexit sha1_base64="uUY3UloC/Csxe9AqCXOwM26vt0E=">AA ACEXicbVA9SwNBEN3zM8avqKXNYhBShTsRTBmwsYxgPiAXwt5mLlmyt3fszonhuL9g41+xsVDE1s7Of+Pmo9DEBwOP92aYmRckUhh03W9nb X1jc2u7sFPc3ds/OCwdHbdMnGoOTR7LWHcCZkAKBU0UKKGTaGBRIKEdjK+nfvsetBGxusNJAr2IDZUIBWdopX6p4geAjPoID5hRoWiqBBoa hzSnfqgZz5jJM2jl/VLZrboz0FXiLUiZLNDol778QczTCBRyyYzpem6CvYxpFFxCXvRTAwnjYzaErqWKRWB62eyjnJ5bZUDDWNtSSGfq74m MRcZMosB2RgxHZtmbiv953RTDWi8TKkkRFJ8vClNJMabTeOhAaOAoJ5YwroW9lfIRszmgDbFoQ/CWX14lrYuq51a928tyvbaIo0BOyRmpEI 9ckTq5IQ3SJJw8kmfySt6cJ+fFeXc+5q1rzmLmhPyB8/kDZgqdWA==</latexit>
(b) numerical simulation. ρL : 0.01× 1018 cm−2
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<latexit sha1_base64="Rl+OJAxYr5z4pX3UobDLHmlYkVY=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4KjMi2GXBjcsK9gFtKZn0ThuaSYbkjliGfoAbf8WNC0Xc+gHu/BvTx0JbDwQO55zLzT1hIoVF3//2cmvrG5tb+e3Czu7e/kHx8KhhdWo41LmW2rRCZkEKBXUUKKGVGGBxKKEZjq6nfvMejBVa3eE4gW7MBkpEgjN0Uq9Y6iA8YJYMNWpFQYEZjKlQNFUCLdURhcbEpfyyPwNdJcGClMgCtV7xq9PXPI1BIZfM2nbgJ9jNmEHBJUwKndRCwviIDaDtqGIx2G42O2ZCz5zSp5E27imkM/X3RMZia8dx6JIxw6Fd9qbif147xajSzYRKUgTF54uiVFLUdNoM7QsDHOXYEcaNcH+lfMgM4+j6K7gSguWTV0njohz45eD2slStLOrIkxNySs5JQK5IldyQGqkTTh7JM3klb96T9+K9ex/zaM5bzByTP/A+fwDm/pt0</latexit><latexit sha1_base64="Rl+OJAxYr5z4pX3UobDLHmlYkVY=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4KjMi2GXBjcsK9gFtKZn0ThuaSYbkjliGfoAbf8WNC0Xc+gHu/BvTx0JbDwQO55zLzT1hIoVF3//2cmvrG5tb+e3Czu7e/kHx8KhhdWo41LmW2rRCZkEKBXUUKKGVGGBxKKEZjq6nfvMejBVa3eE4gW7MBkpEgjN0Uq9Y6iA8YJYMNWpFQYEZjKlQNFUCLdURhcbEpfyyPwNdJcGClMgCtV7xq9PXPI1BIZfM2nbgJ9jNmEHBJUwKndRCwviIDaDtqGIx2G42O2ZCz5zSp5E27imkM/X3RMZia8dx6JIxw6Fd9qbif147xajSzYRKUgTF54uiVFLUdNoM7QsDHOXYEcaNcH+lfMgM4+j6K7gSguWTV0njohz45eD2slStLOrIkxNySs5JQK5IldyQGqkTTh7JM3klb96T9+K9ex/zaM5bzByTP/A+fwDm/pt0</latexit><latexit sha1_base64="Rl+OJAxYr5z4pX3UobDLHmlYkVY=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4KjMi2GXBjcsK9gFtKZn0ThuaSYbkjliGfoAbf8WNC0Xc+gHu/BvTx0JbDwQO55zLzT1hIoVF3//2cmvrG5tb+e3Czu7e/kHx8KhhdWo41LmW2rRCZkEKBXUUKKGVGGBxKKEZjq6nfvMejBVa3eE4gW7MBkpEgjN0Uq9Y6iA8YJYMNWpFQYEZjKlQNFUCLdURhcbEpfyyPwNdJcGClMgCtV7xq9PXPI1BIZfM2nbgJ9jNmEHBJUwKndRCwviIDaDtqGIx2G42O2ZCz5zSp5E27imkM/X3RMZia8dx6JIxw6Fd9qbif147xajSzYRKUgTF54uiVFLUdNoM7QsDHOXYEcaNcH+lfMgM4+j6K7gSguWTV0njohz45eD2slStLOrIkxNySs5JQK5IldyQGqkTTh7JM3klb96T9+K9ex/zaM5bzByTP/A+fwDm/pt0</latexit><latexit sha1_base64="Rl+OJAxYr5z4pX3UobDLHmlYkVY=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4KjMi2GXBjcsK9gFtKZn0ThuaSYbkjliGfoAbf8WNC0Xc+gHu/BvTx0JbDwQO55zLzT1hIoVF3//2cmvrG5tb+e3Czu7e/kHx8KhhdWo41LmW2rRCZkEKBXUUKKGVGGBxKKEZjq6nfvMejBVa3eE4gW7MBkpEgjN0Uq9Y6iA8YJYMNWpFQYEZjKlQNFUCLdURhcbEpfyyPwNdJcGClMgCtV7xq9PXPI1BIZfM2nbgJ9jNmEHBJUwKndRCwviIDaDtqGIx2G42O2ZCz5zSp5E27imkM/X3RMZia8dx6JIxw6Fd9qbif147xajSzYRKUgTF54uiVFLUdNoM7QsDHOXYEcaNcH+lfMgM4+j6K7gSguWTV0njohz45eD2slStLOrIkxNySs5JQK5IldyQGqkTTh7JM3klb96T9+K9ex/zaM5bzByTP/A+fwDm/pt0</latexit>
e↵ective time delay in units of fs
<latexit sha1_ base64="JAgtOP22WSmj/f1gpAK BgAkwLm8=">AAACE3icbVA9SwN BEN2LXzF+nVraLAZBLMKdCKYM2F hGMB+QhLC3mUuW7O0du3PBcOQ/2 PhXbCwUsbWx89+4+Sg08cHA470 ZZuYFiRQGPe/bya2tb2xu5bcLO7 t7+wfu4VHdxKnmUOOxjHUzYAakU FBDgRKaiQYWBRIawfBm6jdGoI2I 1T2OE+hErK9EKDhDK3XdizbCA2 YQhsBRjICiiID2QLIxFYqmSqChc UhDM+m6Ra/kzUBXib8gRbJAtet+ tXsxTyNQyCUzpuV7CXYyplFwCZ NCOzWQMD5kfWhZqlgEppPNfprQM 6v0aBhrWwrpTP09kbHImHEU2M6I 4cAse1PxP6+VYljuZEIlKYLi80 VhKinGdBoQ7Qlto5BjSxjXwt5K+ YBpxtHGWLAh+Msvr5L6Zcn3Sv7d VbFSXsSRJyfklJwTn1yTCrklVVI jnDySZ/JK3pwn58V5dz7mrTlnM XNM/sD5/AEqcp5F</latexit><latexit sha1_ base64="JAgtOP22WSmj/f1gpAK BgAkwLm8=">AAACE3icbVA9SwN BEN2LXzF+nVraLAZBLMKdCKYM2F hGMB+QhLC3mUuW7O0du3PBcOQ/2 PhXbCwUsbWx89+4+Sg08cHA470 ZZuYFiRQGPe/bya2tb2xu5bcLO7 t7+wfu4VHdxKnmUOOxjHUzYAakU FBDgRKaiQYWBRIawfBm6jdGoI2I 1T2OE+hErK9EKDhDK3XdizbCA2 YQhsBRjICiiID2QLIxFYqmSqChc UhDM+m6Ra/kzUBXib8gRbJAtet+ tXsxTyNQyCUzpuV7CXYyplFwCZ NCOzWQMD5kfWhZqlgEppPNfprQM 6v0aBhrWwrpTP09kbHImHEU2M6I 4cAse1PxP6+VYljuZEIlKYLi80 VhKinGdBoQ7Qlto5BjSxjXwt5K+ YBpxtHGWLAh+Msvr5L6Zcn3Sv7d VbFSXsSRJyfklJwTn1yTCrklVVI jnDySZ/JK3pwn58V5dz7mrTlnM XNM/sD5/AEqcp5F</latexit><latexit sha1_ base64="JAgtOP22WSmj/f1gpAK BgAkwLm8=">AAACE3icbVA9SwN BEN2LXzF+nVraLAZBLMKdCKYM2F hGMB+QhLC3mUuW7O0du3PBcOQ/2 PhXbCwUsbWx89+4+Sg08cHA470 ZZuYFiRQGPe/bya2tb2xu5bcLO7 t7+wfu4VHdxKnmUOOxjHUzYAakU FBDgRKaiQYWBRIawfBm6jdGoI2I 1T2OE+hErK9EKDhDK3XdizbCA2 YQhsBRjICiiID2QLIxFYqmSqChc UhDM+m6Ra/kzUBXib8gRbJAtet+ tXsxTyNQyCUzpuV7CXYyplFwCZ NCOzWQMD5kfWhZqlgEppPNfprQM 6v0aBhrWwrpTP09kbHImHEU2M6I 4cAse1PxP6+VYljuZEIlKYLi80 VhKinGdBoQ7Qlto5BjSxjXwt5K+ YBpxtHGWLAh+Msvr5L6Zcn3Sv7d VbFSXsSRJyfklJwTn1yTCrklVVI jnDySZ/JK3pwn58V5dz7mrTlnM XNM/sD5/AEqcp5F</latexit><latexit sha1_ base64="JAgtOP22WSmj/f1gpAK BgAkwLm8=">AAACE3icbVA9SwN BEN2LXzF+nVraLAZBLMKdCKYM2F hGMB+QhLC3mUuW7O0du3PBcOQ/2 PhXbCwUsbWx89+4+Sg08cHA470 ZZuYFiRQGPe/bya2tb2xu5bcLO7 t7+wfu4VHdxKnmUOOxjHUzYAakU FBDgRKaiQYWBRIawfBm6jdGoI2I 1T2OE+hErK9EKDhDK3XdizbCA2 YQhsBRjICiiID2QLIxFYqmSqChc UhDM+m6Ra/kzUBXib8gRbJAtet+ tXsxTyNQyCUzpuV7CXYyplFwCZ NCOzWQMD5kfWhZqlgEppPNfprQM 6v0aBhrWwrpTP09kbHImHEU2M6I 4cAse1PxP6+VYljuZEIlKYLi80 VhKinGdBoQ7Qlto5BjSxjXwt5K+ YBpxtHGWLAh+Msvr5L6Zcn3Sv7d VbFSXsSRJyfklJwTn1yTCrklVVI jnDySZ/JK3pwn58V5dz7mrTlnM XNM/sD5/AEqcp5F</latexit>
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<latexit sha1_base64="1fPnEviRtt17RZ1gICXYa6ztJZg=">AAACBnicbVA9SwNBEN2LXzF+nVqKsBgEq3AngikDNjZCBPMBuRD2NnvJkt29Y3dODEcqG/+KjYUitv4GO/+Nm+QKTXww8Hhvhpl5YSK4Ac/7dgorq2vrG8XN0tb2zu6eu3/QNHGqKWvQWMS6HRLDBFesARwEayeaERkK1gpHV1O/dc+04bG6g3HCupIMFI84JWClnnscGD6QBAfAHiDDXOFUcTA4jvBNOOm5Za/izYCXiZ+TMspR77lfQT+mqWQKqCDGdHwvgW5GNHAq2KQUpIYlhI7IgHUsVUQy081mb0zwqVX6OIq1LQV4pv6eyIg0ZixD2ykJDM2iNxX/8zopRNVuxlWSAlN0vihKBYYYTzPBfa4ZBTG2hFDN7a2YDokmFGxyJRuCv/jyMmmeV3yv4t9elGvVPI4iOkIn6Az56BLV0DWqowai6BE9o1f05jw5L8678zFvLTj5zCH6A+fzB4WRmHc=</latexit><latexit sha1_base64="1fPnEviRtt17RZ1gICXYa6ztJZg=">AAACBnicbVA9SwNBEN2LXzF+nVqKsBgEq3AngikDNjZCBPMBuRD2NnvJkt29Y3dODEcqG/+KjYUitv4GO/+Nm+QKTXww8Hhvhpl5YSK4Ac/7dgorq2vrG8XN0tb2zu6eu3/QNHGqKWvQWMS6HRLDBFesARwEayeaERkK1gpHV1O/dc+04bG6g3HCupIMFI84JWClnnscGD6QBAfAHiDDXOFUcTA4jvBNOOm5Za/izYCXiZ+TMspR77lfQT+mqWQKqCDGdHwvgW5GNHAq2KQUpIYlhI7IgHUsVUQy081mb0zwqVX6OIq1LQV4pv6eyIg0ZixD2ykJDM2iNxX/8zopRNVuxlWSAlN0vihKBYYYTzPBfa4ZBTG2hFDN7a2YDokmFGxyJRuCv/jyMmmeV3yv4t9elGvVPI4iOkIn6Az56BLV0DWqowai6BE9o1f05jw5L8678zFvLTj5zCH6A+fzB4WRmHc=</latexit><latexit sha1_base64="1fPnEviRtt17RZ1gICXYa6ztJZg=">AAACBnicbVA9SwNBEN2LXzF+nVqKsBgEq3AngikDNjZCBPMBuRD2NnvJkt29Y3dODEcqG/+KjYUitv4GO/+Nm+QKTXww8Hhvhpl5YSK4Ac/7dgorq2vrG8XN0tb2zu6eu3/QNHGqKWvQWMS6HRLDBFesARwEayeaERkK1gpHV1O/dc+04bG6g3HCupIMFI84JWClnnscGD6QBAfAHiDDXOFUcTA4jvBNOOm5Za/izYCXiZ+TMspR77lfQT+mqWQKqCDGdHwvgW5GNHAq2KQUpIYlhI7IgHUsVUQy081mb0zwqVX6OIq1LQV4pv6eyIg0ZixD2ykJDM2iNxX/8zopRNVuxlWSAlN0vihKBYYYTzPBfa4ZBTG2hFDN7a2YDokmFGxyJRuCv/jyMmmeV3yv4t9elGvVPI4iOkIn6Az56BLV0DWqowai6BE9o1f05jw5L8678zFvLTj5zCH6A+fzB4WRmHc=</latexit><latexit sha1_base64="1fPnEviRtt17RZ1gICXYa6ztJZg=">AAACBnicbVA9SwNBEN2LXzF+nVqKsBgEq3AngikDNjZCBPMBuRD2NnvJkt29Y3dODEcqG/+KjYUitv4GO/+Nm+QKTXww8Hhvhpl5YSK4Ac/7dgorq2vrG8XN0tb2zu6eu3/QNHGqKWvQWMS6HRLDBFesARwEayeaERkK1gpHV1O/dc+04bG6g3HCupIMFI84JWClnnscGD6QBAfAHiDDXOFUcTA4jvBNOOm5Za/izYCXiZ+TMspR77lfQT+mqWQKqCDGdHwvgW5GNHAq2KQUpIYlhI7IgHUsVUQy081mb0zwqVX6OIq1LQV4pv6eyIg0ZixD2ykJDM2iNxX/8zopRNVuxlWSAlN0vihKBYYYTzPBfa4ZBTG2hFDN7a2YDokmFGxyJRuCv/jyMmmeV3yv4t9elGvVPI4iOkIn6Az56BLV0DWqowai6BE9o1f05jw5L8678zFvLTj5zCH6A+fzB4WRmHc=</latexit>
  in units of
as
eV
<latexit sha1_base64="uUY3U loC/Csxe9AqCXOwM26vt0E=">AAACEXicbVA9SwNBEN3zM8avqKXNY hBShTsRTBmwsYxgPiAXwt5mLlmyt3fszonhuL9g41+xsVDE1s7Of+ Pmo9DEBwOP92aYmRckUhh03W9nbX1jc2u7sFPc3ds/OCwdHbdMnGo OTR7LWHcCZkAKBU0UKKGTaGBRIKEdjK+nfvsetBGxusNJAr2IDZUIB WdopX6p4geAjPoID5hRoWiqBBoahzSnfqgZz5jJM2jl/VLZrboz0F XiLUiZLNDol778QczTCBRyyYzpem6CvYxpFFxCXvRTAwnjYzaErqWK RWB62eyjnJ5bZUDDWNtSSGfq74mMRcZMosB2RgxHZtmbiv953RTDW i8TKkkRFJ8vClNJMabTeOhAaOAoJ5YwroW9lfIRszmgDbFoQ/CWX14 lrYuq51a928tyvbaIo0BOyRmpEI9ckTq5IQ3SJJw8kmfySt6cJ+fF eXc+5q1rzmLmhPyB8/kDZgqdWA==</latexit><latexit sha1_base64="uUY3U loC/Csxe9AqCXOwM26vt0E=">AAACEXicbVA9SwNBEN3zM8avqKXNY hBShTsRTBmwsYxgPiAXwt5mLlmyt3fszonhuL9g41+xsVDE1s7Of+ Pmo9DEBwOP92aYmRckUhh03W9nbX1jc2u7sFPc3ds/OCwdHbdMnGo OTR7LWHcCZkAKBU0UKKGTaGBRIKEdjK+nfvsetBGxusNJAr2IDZUIB WdopX6p4geAjPoID5hRoWiqBBoahzSnfqgZz5jJM2jl/VLZrboz0F XiLUiZLNDol778QczTCBRyyYzpem6CvYxpFFxCXvRTAwnjYzaErqWK RWB62eyjnJ5bZUDDWNtSSGfq74mMRcZMosB2RgxHZtmbiv953RTDW i8TKkkRFJ8vClNJMabTeOhAaOAoJ5YwroW9lfIRszmgDbFoQ/CWX14 lrYuq51a928tyvbaIo0BOyRmpEI9ckTq5IQ3SJJw8kmfySt6cJ+fF eXc+5q1rzmLmhPyB8/kDZgqdWA==</latexit><latexit sha1_base64="uUY3U loC/Csxe9AqCXOwM26vt0E=">AAACEXicbVA9SwNBEN3zM8avqKXNY hBShTsRTBmwsYxgPiAXwt5mLlmyt3fszonhuL9g41+xsVDE1s7Of+ Pmo9DEBwOP92aYmRckUhh03W9nbX1jc2u7sFPc3ds/OCwdHbdMnGo OTR7LWHcCZkAKBU0UKKGTaGBRIKEdjK+nfvsetBGxusNJAr2IDZUIB WdopX6p4geAjPoID5hRoWiqBBoahzSnfqgZz5jJM2jl/VLZrboz0F XiLUiZLNDol778QczTCBRyyYzpem6CvYxpFFxCXvRTAwnjYzaErqWK RWB62eyjnJ5bZUDDWNtSSGfq74mMRcZMosB2RgxHZtmbiv953RTDW i8TKkkRFJ8vClNJMabTeOhAaOAoJ5YwroW9lfIRszmgDbFoQ/CWX14 lrYuq51a928tyvbaIo0BOyRmpEI9ckTq5IQ3SJJw8kmfySt6cJ+fF eXc+5q1rzmLmhPyB8/kDZgqdWA==</latexit><latexit sha1_base64="uUY3U loC/Csxe9AqCXOwM26vt0E=">AAACEXicbVA9SwNBEN3zM8avqKXNY hBShTsRTBmwsYxgPiAXwt5mLlmyt3fszonhuL9g41+xsVDE1s7Of+ Pmo9DEBwOP92aYmRckUhh03W9nbX1jc2u7sFPc3ds/OCwdHbdMnGo OTR7LWHcCZkAKBU0UKKGTaGBRIKEdjK+nfvsetBGxusNJAr2IDZUIB WdopX6p4geAjPoID5hRoWiqBBoahzSnfqgZz5jJM2jl/VLZrboz0F XiLUiZLNDol778QczTCBRyyYzpem6CvYxpFFxCXvRTAwnjYzaErqWK RWB62eyjnJ5bZUDDWNtSSGfq74mMRcZMosB2RgxHZtmbiv953RTDW i8TKkkRFJ8vClNJMabTeOhAaOAoJ5YwroW9lfIRszmgDbFoQ/CWX14 lrYuq51a928tyvbaIo0BOyRmpEI9ckTq5IQ3SJJw8kmfySt6cJ+fF eXc+5q1rzmLmhPyB8/kDZgqdWA==</latexit>
(c) numerical simulation. ρL : 0.5× 1018 cm−2
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<latexit sha1_base64="Rl+OJAxYr5z4pX3UobDLHmlYkVY=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4KjMi2GXBjcsK9gFtKZn0ThuaSYbkjliGfoAbf8WNC0Xc+gHu/BvTx0JbDwQO55zLzT1hIoVF3//2cmvrG5tb+e3Czu7e/kHx8KhhdWo41LmW2rRCZkEKBXUUKKGVGGBxKKEZjq6nfvMejBVa3eE4gW7MBkpEgjN0Uq9Y6iA8YJYMNWpFQYEZjKlQNFUCLdURhcbEpfyyPwNdJcGClMgCtV7xq9PXPI1BIZfM2nbgJ9jNmEHBJUwKndRCwviIDaDtqGIx2G42O2ZCz5zSp5E27imkM/X3RMZia8dx6JIxw6Fd9qbif147xajSzYRKUgTF54uiVFLUdNoM7QsDHOXYEcaNcH+lfMgM4+j6K7gSguWTV0njohz45eD2slStLOrIkxNySs5JQK5IldyQGqkTTh7JM3klb96T9+K9ex/zaM5bzByTP/A+fwDm/pt0</latexit><latexit sha1_base64="Rl+OJAxYr5z4pX3UobDLHmlYkVY=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4KjMi2GXBjcsK9gFtKZn0ThuaSYbkjliGfoAbf8WNC0Xc+gHu/BvTx0JbDwQO55zLzT1hIoVF3//2cmvrG5tb+e3Czu7e/kHx8KhhdWo41LmW2rRCZkEKBXUUKKGVGGBxKKEZjq6nfvMejBVa3eE4gW7MBkpEgjN0Uq9Y6iA8YJYMNWpFQYEZjKlQNFUCLdURhcbEpfyyPwNdJcGClMgCtV7xq9PXPI1BIZfM2nbgJ9jNmEHBJUwKndRCwviIDaDtqGIx2G42O2ZCz5zSp5E27imkM/X3RMZia8dx6JIxw6Fd9qbif147xajSzYRKUgTF54uiVFLUdNoM7QsDHOXYEcaNcH+lfMgM4+j6K7gSguWTV0njohz45eD2slStLOrIkxNySs5JQK5IldyQGqkTTh7JM3klb96T9+K9ex/zaM5bzByTP/A+fwDm/pt0</latexit><latexit sha1_base64="Rl+OJAxYr5z4pX3UobDLHmlYkVY=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4KjMi2GXBjcsK9gFtKZn0ThuaSYbkjliGfoAbf8WNC0Xc+gHu/BvTx0JbDwQO55zLzT1hIoVF3//2cmvrG5tb+e3Czu7e/kHx8KhhdWo41LmW2rRCZkEKBXUUKKGVGGBxKKEZjq6nfvMejBVa3eE4gW7MBkpEgjN0Uq9Y6iA8YJYMNWpFQYEZjKlQNFUCLdURhcbEpfyyPwNdJcGClMgCtV7xq9PXPI1BIZfM2nbgJ9jNmEHBJUwKndRCwviIDaDtqGIx2G42O2ZCz5zSp5E27imkM/X3RMZia8dx6JIxw6Fd9qbif147xajSzYRKUgTF54uiVFLUdNoM7QsDHOXYEcaNcH+lfMgM4+j6K7gSguWTV0njohz45eD2slStLOrIkxNySs5JQK5IldyQGqkTTh7JM3klb96T9+K9ex/zaM5bzByTP/A+fwDm/pt0</latexit><latexit sha1_base64="Rl+OJAxYr5z4pX3UobDLHmlYkVY=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4KjMi2GXBjcsK9gFtKZn0ThuaSYbkjliGfoAbf8WNC0Xc+gHu/BvTx0JbDwQO55zLzT1hIoVF3//2cmvrG5tb+e3Czu7e/kHx8KhhdWo41LmW2rRCZkEKBXUUKKGVGGBxKKEZjq6nfvMejBVa3eE4gW7MBkpEgjN0Uq9Y6iA8YJYMNWpFQYEZjKlQNFUCLdURhcbEpfyyPwNdJcGClMgCtV7xq9PXPI1BIZfM2nbgJ9jNmEHBJUwKndRCwviIDaDtqGIx2G42O2ZCz5zSp5E27imkM/X3RMZia8dx6JIxw6Fd9qbif147xajSzYRKUgTF54uiVFLUdNoM7QsDHOXYEcaNcH+lfMgM4+j6K7gSguWTV0njohz45eD2slStLOrIkxNySs5JQK5IldyQGqkTTh7JM3klb96T9+K9ex/zaM5bzByTP/A+fwDm/pt0</latexit>
e↵ective time delay in units of fs
<latexit sha1_base64="JAgtOP22WSmj/f1gpAKBgAkwLm8=">AA ACE3icbVA9SwNBEN2LXzF+nVraLAZBLMKdCKYM2FhGMB+QhLC3mUuW7O0du3PBcOQ/2PhXbCwUsbWx89+4+Sg08cHA470ZZuYFiRQGPe/bya 2tb2xu5bcLO7t7+wfu4VHdxKnmUOOxjHUzYAakUFBDgRKaiQYWBRIawfBm6jdGoI2I1T2OE+hErK9EKDhDK3XdizbCA2YQhsBRjICiiID2QL IxFYqmSqChcUhDM+m6Ra/kzUBXib8gRbJAtet+tXsxTyNQyCUzpuV7CXYyplFwCZNCOzWQMD5kfWhZqlgEppPNfprQM6v0aBhrWwrpTP09kb HImHEU2M6I4cAse1PxP6+VYljuZEIlKYLi80VhKinGdBoQ7Qlto5BjSxjXwt5K+YBpxtHGWLAh+Msvr5L6Zcn3Sv7dVbFSXsSRJyfklJwTn1 yTCrklVVIjnDySZ/JK3pwn58V5dz7mrTlnMXNM/sD5/AEqcp5F</latexit><latexit sha1_base64="JAgtOP22WSmj/f1gpAKBgAkwLm8=">AA ACE3icbVA9SwNBEN2LXzF+nVraLAZBLMKdCKYM2FhGMB+QhLC3mUuW7O0du3PBcOQ/2PhXbCwUsbWx89+4+Sg08cHA470ZZuYFiRQGPe/bya 2tb2xu5bcLO7t7+wfu4VHdxKnmUOOxjHUzYAakUFBDgRKaiQYWBRIawfBm6jdGoI2I1T2OE+hErK9EKDhDK3XdizbCA2YQhsBRjICiiID2QL IxFYqmSqChcUhDM+m6Ra/kzUBXib8gRbJAtet+tXsxTyNQyCUzpuV7CXYyplFwCZNCOzWQMD5kfWhZqlgEppPNfprQM6v0aBhrWwrpTP09kb HImHEU2M6I4cAse1PxP6+VYljuZEIlKYLi80VhKinGdBoQ7Qlto5BjSxjXwt5K+YBpxtHGWLAh+Msvr5L6Zcn3Sv7dVbFSXsSRJyfklJwTn1 yTCrklVVIjnDySZ/JK3pwn58V5dz7mrTlnMXNM/sD5/AEqcp5F</latexit><latexit sha1_base64="JAgtOP22WSmj/f1gpAKBgAkwLm8=">AA ACE3icbVA9SwNBEN2LXzF+nVraLAZBLMKdCKYM2FhGMB+QhLC3mUuW7O0du3PBcOQ/2PhXbCwUsbWx89+4+Sg08cHA470ZZuYFiRQGPe/bya 2tb2xu5bcLO7t7+wfu4VHdxKnmUOOxjHUzYAakUFBDgRKaiQYWBRIawfBm6jdGoI2I1T2OE+hErK9EKDhDK3XdizbCA2YQhsBRjICiiID2QL IxFYqmSqChcUhDM+m6Ra/kzUBXib8gRbJAtet+tXsxTyNQyCUzpuV7CXYyplFwCZNCOzWQMD5kfWhZqlgEppPNfprQM6v0aBhrWwrpTP09kb HImHEU2M6I4cAse1PxP6+VYljuZEIlKYLi80VhKinGdBoQ7Qlto5BjSxjXwt5K+YBpxtHGWLAh+Msvr5L6Zcn3Sv7dVbFSXsSRJyfklJwTn1 yTCrklVVIjnDySZ/JK3pwn58V5dz7mrTlnMXNM/sD5/AEqcp5F</latexit><latexit sha1_base64="JAgtOP22WSmj/f1gpAKBgAkwLm8=">AA ACE3icbVA9SwNBEN2LXzF+nVraLAZBLMKdCKYM2FhGMB+QhLC3mUuW7O0du3PBcOQ/2PhXbCwUsbWx89+4+Sg08cHA470ZZuYFiRQGPe/bya 2tb2xu5bcLO7t7+wfu4VHdxKnmUOOxjHUzYAakUFBDgRKaiQYWBRIawfBm6jdGoI2I1T2OE+hErK9EKDhDK3XdizbCA2YQhsBRjICiiID2QL IxFYqmSqChcUhDM+m6Ra/kzUBXib8gRbJAtet+tXsxTyNQyCUzpuV7CXYyplFwCZNCOzWQMD5kfWhZqlgEppPNfprQM6v0aBhrWwrpTP09kb HImHEU2M6I4cAse1PxP6+VYljuZEIlKYLi80VhKinGdBoQ7Qlto5BjSxjXwt5K+YBpxtHGWLAh+Msvr5L6Zcn3Sv7dVbFSXsSRJyfklJwTn1 yTCrklVVIjnDySZ/JK3pwn58V5dz7mrTlnMXNM/sD5/AEqcp5F</latexit>
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<latexit sha1_base64="1fPnEviRtt17RZ1gICXYa6ztJZg=">AAACBnicbVA9SwNBEN2LXzF+nVqKsBgEq3AngikDNjZCBPMBuRD2NnvJkt29Y3dODEcqG/+KjYUitv4GO/+Nm+QKTXww8Hhvhpl5YSK4Ac/7dgorq2vrG8XN0tb2zu6eu3/QNHGqKWvQWMS6HRLDBFesARwEayeaERkK1gpHV1O/dc+04bG6g3HCupIMFI84JWClnnscGD6QBAfAHiDDXOFUcTA4jvBNOOm5Za/izYCXiZ+TMspR77lfQT+mqWQKqCDGdHwvgW5GNHAq2KQUpIYlhI7IgHUsVUQy081mb0zwqVX6OIq1LQV4pv6eyIg0ZixD2ykJDM2iNxX/8zopRNVuxlWSAlN0vihKBYYYTzPBfa4ZBTG2hFDN7a2YDokmFGxyJRuCv/jyMmmeV3yv4t9elGvVPI4iOkIn6Az56BLV0DWqowai6BE9o1f05jw5L8678zFvLTj5zCH6A+fzB4WRmHc=</latexit><latexit sha1_base64="1fPnEviRtt17RZ1gICXYa6ztJZg=">AAACBnicbVA9SwNBEN2LXzF+nVqKsBgEq3AngikDNjZCBPMBuRD2NnvJkt29Y3dODEcqG/+KjYUitv4GO/+Nm+QKTXww8Hhvhpl5YSK4Ac/7dgorq2vrG8XN0tb2zu6eu3/QNHGqKWvQWMS6HRLDBFesARwEayeaERkK1gpHV1O/dc+04bG6g3HCupIMFI84JWClnnscGD6QBAfAHiDDXOFUcTA4jvBNOOm5Za/izYCXiZ+TMspR77lfQT+mqWQKqCDGdHwvgW5GNHAq2KQUpIYlhI7IgHUsVUQy081mb0zwqVX6OIq1LQV4pv6eyIg0ZixD2ykJDM2iNxX/8zopRNVuxlWSAlN0vihKBYYYTzPBfa4ZBTG2hFDN7a2YDokmFGxyJRuCv/jyMmmeV3yv4t9elGvVPI4iOkIn6Az56BLV0DWqowai6BE9o1f05jw5L8678zFvLTj5zCH6A+fzB4WRmHc=</latexit><latexit sha1_base64="1fPnEviRtt17RZ1gICXYa6ztJZg=">AAACBnicbVA9SwNBEN2LXzF+nVqKsBgEq3AngikDNjZCBPMBuRD2NnvJkt29Y3dODEcqG/+KjYUitv4GO/+Nm+QKTXww8Hhvhpl5YSK4Ac/7dgorq2vrG8XN0tb2zu6eu3/QNHGqKWvQWMS6HRLDBFesARwEayeaERkK1gpHV1O/dc+04bG6g3HCupIMFI84JWClnnscGD6QBAfAHiDDXOFUcTA4jvBNOOm5Za/izYCXiZ+TMspR77lfQT+mqWQKqCDGdHwvgW5GNHAq2KQUpIYlhI7IgHUsVUQy081mb0zwqVX6OIq1LQV4pv6eyIg0ZixD2ykJDM2iNxX/8zopRNVuxlWSAlN0vihKBYYYTzPBfa4ZBTG2hFDN7a2YDokmFGxyJRuCv/jyMmmeV3yv4t9elGvVPI4iOkIn6Az56BLV0DWqowai6BE9o1f05jw5L8678zFvLTj5zCH6A+fzB4WRmHc=</latexit><latexit sha1_base64="1fPnEviRtt17RZ1gICXYa6ztJZg=">AAACBnicbVA9SwNBEN2LXzF+nVqKsBgEq3AngikDNjZCBPMBuRD2NnvJkt29Y3dODEcqG/+KjYUitv4GO/+Nm+QKTXww8Hhvhpl5YSK4Ac/7dgorq2vrG8XN0tb2zu6eu3/QNHGqKWvQWMS6HRLDBFesARwEayeaERkK1gpHV1O/dc+04bG6g3HCupIMFI84JWClnnscGD6QBAfAHiDDXOFUcTA4jvBNOOm5Za/izYCXiZ+TMspR77lfQT+mqWQKqCDGdHwvgW5GNHAq2KQUpIYlhI7IgHUsVUQy081mb0zwqVX6OIq1LQV4pv6eyIg0ZixD2ykJDM2iNxX/8zopRNVuxlWSAlN0vihKBYYYTzPBfa4ZBTG2hFDN7a2YDokmFGxyJRuCv/jyMmmeV3yv4t9elGvVPI4iOkIn6Az56BLV0DWqowai6BE9o1f05jw5L8678zFvLTj5zCH6A+fzB4WRmHc=</latexit>
  in units of
as
eV
<latexit sha1_base64="uUY3UloC/Csxe9AqCXOwM26vt0E=">AA ACEXicbVA9SwNBEN3zM8avqKXNYhBShTsRTBmwsYxgPiAXwt5mLlmyt3fszonhuL9g41+xsVDE1s7Of+Pmo9DEBwOP92aYmRckUhh03W9nbX 1jc2u7sFPc3ds/OCwdHbdMnGoOTR7LWHcCZkAKBU0UKKGTaGBRIKEdjK+nfvsetBGxusNJAr2IDZUIBWdopX6p4geAjPoID5hRoWiqBBoahz SnfqgZz5jJM2jl/VLZrboz0FXiLUiZLNDol778QczTCBRyyYzpem6CvYxpFFxCXvRTAwnjYzaErqWKRWB62eyjnJ5bZUDDWNtSSGfq74mMRc ZMosB2RgxHZtmbiv953RTDWi8TKkkRFJ8vClNJMabTeOhAaOAoJ5YwroW9lfIRszmgDbFoQ/CWX14lrYuq51a928tyvbaIo0BOyRmpEI9ckT q5IQ3SJJw8kmfySt6cJ+fFeXc+5q1rzmLmhPyB8/kDZgqdWA==</latexit><latexit sha1_base64="uUY3UloC/Csxe9AqCXOwM26vt0E=">AA ACEXicbVA9SwNBEN3zM8avqKXNYhBShTsRTBmwsYxgPiAXwt5mLlmyt3fszonhuL9g41+xsVDE1s7Of+Pmo9DEBwOP92aYmRckUhh03W9nbX 1jc2u7sFPc3ds/OCwdHbdMnGoOTR7LWHcCZkAKBU0UKKGTaGBRIKEdjK+nfvsetBGxusNJAr2IDZUIBWdopX6p4geAjPoID5hRoWiqBBoahz SnfqgZz5jJM2jl/VLZrboz0FXiLUiZLNDol778QczTCBRyyYzpem6CvYxpFFxCXvRTAwnjYzaErqWKRWB62eyjnJ5bZUDDWNtSSGfq74mMRc ZMosB2RgxHZtmbiv953RTDWi8TKkkRFJ8vClNJMabTeOhAaOAoJ5YwroW9lfIRszmgDbFoQ/CWX14lrYuq51a928tyvbaIo0BOyRmpEI9ckT q5IQ3SJJw8kmfySt6cJ+fFeXc+5q1rzmLmhPyB8/kDZgqdWA==</latexit><latexit sha1_base64="uUY3UloC/Csxe9AqCXOwM26vt0E=">AA ACEXicbVA9SwNBEN3zM8avqKXNYhBShTsRTBmwsYxgPiAXwt5mLlmyt3fszonhuL9g41+xsVDE1s7Of+Pmo9DEBwOP92aYmRckUhh03W9nbX 1jc2u7sFPc3ds/OCwdHbdMnGoOTR7LWHcCZkAKBU0UKKGTaGBRIKEdjK+nfvsetBGxusNJAr2IDZUIBWdopX6p4geAjPoID5hRoWiqBBoahz SnfqgZz5jJM2jl/VLZrboz0FXiLUiZLNDol778QczTCBRyyYzpem6CvYxpFFxCXvRTAwnjYzaErqWKRWB62eyjnJ5bZUDDWNtSSGfq74mMRc ZMosB2RgxHZtmbiv953RTDWi8TKkkRFJ8vClNJMabTeOhAaOAoJ5YwroW9lfIRszmgDbFoQ/CWX14lrYuq51a928tyvbaIo0BOyRmpEI9ckT q5IQ3SJJw8kmfySt6cJ+fFeXc+5q1rzmLmhPyB8/kDZgqdWA==</latexit><latexit sha1_base64="uUY3UloC/Csxe9AqCXOwM26vt0E=">AA ACEXicbVA9SwNBEN3zM8avqKXNYhBShTsRTBmwsYxgPiAXwt5mLlmyt3fszonhuL9g41+xsVDE1s7Of+Pmo9DEBwOP92aYmRckUhh03W9nbX 1jc2u7sFPc3ds/OCwdHbdMnGoOTR7LWHcCZkAKBU0UKKGTaGBRIKEdjK+nfvsetBGxusNJAr2IDZUIBWdopX6p4geAjPoID5hRoWiqBBoahz SnfqgZz5jJM2jl/VLZrboz0FXiLUiZLNDol778QczTCBRyyYzpem6CvYxpFFxCXvRTAwnjYzaErqWKRWB62eyjnJ5bZUDDWNtSSGfq74mMRc ZMosB2RgxHZtmbiv953RTDWi8TKkkRFJ8vClNJMabTeOhAaOAoJ5YwroW9lfIRszmgDbFoQ/CWX14lrYuq51a928tyvbaIo0BOyRmpEI9ckT q5IQ3SJJw8kmfySt6cJ+fFeXc+5q1rzmLmhPyB8/kDZgqdWA==</latexit>
(d) numerical simulation. ρL : 1× 1018 cm−2
FIG. 2. The emission cross section (a) σ (see Eq. 9) according to the approximate theory (Eq. 9). (b-d) σapp (see Eq. 10)
obtained from numerical simulations using pulses parametrized as described in the text with a carrier frequency of 230 eV, 10
nJ pulse energy and 500 nm focal radius. In the numerical simulations, the field was propagated for various distances L so that
density-length products ρL = 0.01,0.5 and 1 × 1018cm−2 were reached.
populations of valence-excited states ∼ 2 fs after the core-
excitations. Also these dump transitions occur within a
time interval with a length on the order of a few hundred
attoseconds.
The light-matter interaction associated with the
dump-transitions results in chirp-dependent (i.e.
effective-time-delay-dependent) features in the spectrum
of the transmitted light at 214 - 216 eV photon energy.
This is shown in Fig. 2 b)-d) where the chirp-dependent
normalized apparent emission cross section σapp (Eq.
10), a quantity obtainable from the numerical simula-
tions that can be directly compared to the cross section
σ obtained from the approximate theory (Eq. 9), is
depicted for various propagation distances at photon
energies in the range of the dump-transition energies.
σapp =
1
ρL
ln
(∣∣∣ E˜(0, ω0)E˜(L, ω0)
∣∣∣2) ln(∣∣∣ E˜(L, ω)E˜(0, ω)
∣∣∣2) (10)
The features in the cross section can be related to the
transitions given in Tab. II. They split in two groups
with transition energies 214-215 eV and 216-217 eV, re-
spectively, which are reflected in two groups of lines in
the emission cross section shown in Fig. 2. Unaffected by
the propagation distance, the lines exhibit a characteris-
tic beating for varying chirp parameter β with a period of
∼ 130 aseV corresponding to an effective time-delay differ-
ence of ∼ 2fs. The increase of the propagation distance
and the associated increasing impact of propagation ef-
fects, predominantly cause a broadening of the lines and
affect the amplitudes of the features (see Fig. 2b - d)
but they do not affect the beating period. In particu-
lar for short propagation distances (e.g. for a density
7ground state
FIG. 3. The most relevant level involved in the dynamics
induced by the chirped broadband pulses considered in the
numerical simulations.
time in units of fs
FIG. 4. The time-dependent populations of core-excited
states and valence excited states caused by the interaction
with a chirped pulse with electric field parametrized as de-
scribed in the text with a carrier frequency of 230 eV, 10
nJ pulse energy, 500 nm focal radius and chirp parameter
β = 90 as
eV
.
length product of ρL = 0.01× 1018cm−2) where the im-
pact of propagation effects is reduced with respect to
large propagation distances, the features and in particu-
lar the characteristic beating are accurately reproduced
by the approximate theory developed (see Fig. 2a and
b). Therefore, the oscillatory behavior of the features can
be related on the basis of Eq. 9 to the existence of co-
herences of the time-evolved core-excited state launched
by core excitation. Considering that, according to Eq. 9,
only coherences between core excited states that are cou-
pled to the same valence excited state can be reflected in
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(a) pulse energy: 10 nJ
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(b) pulse energy: 100 nJ
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(c) pulse energy: 1 µJ
FIG. 5. The spectrum of the transmitted field of a chirped
pulse with chirp parameter β = 35 as
eV
parametrized as de-
scribed in the text with a carrier frequency of 230 eV, 10 nJ
pulse energy and 500 nm focal radius. Significant features
associated with the SRIXS process (see inset of the plots) can
be observed for pulses with pulse energies in the nJ regime.
For 10 nJ, which correspond to 107 photons/eV at 215 eV,
a modulation of the spectrum on the order of 1% can be ob-
served. For 1 µJ, the modulation of the spectrum is on the
order of 30 %. The fields were propagated in space until a
density-length product of 1× 10−18cm−2 was reached.
the spectra, the beating can be related to the coherences
between 2p54s1-spin-orbit-split states as well as between
2p53d1-spin-orbit-split states (see Tab. II ). These levels
are split by 2.1eV and 2.2eV, respectively, correspond-
ing to dynamical timescales on the order of 2 fs which
is consistent with the period of the beating in the chirp-
dependent emission cross section.
Finally, we point out that with the attosecond pulses
available [44–47], when focussed to a focal diameter on
the order of 1 µm, a significant SRIXS signal can indeed
be induced causing a modulation of the spectra of the
transmitted light on the order of 1 % to several tens
of percent at 10 nJ and 1µJ pulse energies respectively
(see Fig. 5). Hence, an implementation of the technique
presented with the ultra-short pulses available appears
to be feasible.
IV. CONCLUSIONS
To conclude, we presented an approach for initiating
and tracing ultra-fast electron dynamics in core-excited
atoms, molecules or solids which is based on stimulated
resonant inelastic x-ray scattering induced by single,
chirped, broadband XUV/x-ray pulses. The approach
8can be implemented with available ultra-short pulses
providing insight into core-excited state dynamics.
With respect to conventional pump-probe experiments
that use two pulses, the approach presented offers
the advantages that it allows one to implement a
pump-probe experiment with a single pulse which does
not need the synchronization of two pulses. Moreover,
the time-resolution achievable is not limited by the
pulse duration—it is only limited by the chirp. It thus
provides sub-pulse-duration time resolution and might
therefore be used to push the achievable time resolution
at table-top sources as well as FELs towards shorter
timescales.
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Appendix
In the following, we derive the approximate expressions
for the transition amplitudes αI(τ) and αF (τ) given in
the main text. Concretely, we approximate them by the
respective first non-vanishing term of the perturbation
series.
1. Transition amplitudes of core-excited states αI
Assuming that prior to the exposure to the field, the
atoms are in their ground state |0〉, we approximate the
coefficients αI(τ) by the first order term:
αI(τ) ∼ − 1
2i
∫ τ
−∞
dtei(EI−E0)tdI,0
[E(t)e−i(ω0t− t2β ) +c.c.]
(A.1)
where dI,0 denote the dipole transition matrix elements
between ground state and core-excited states. In the ro-
tating wave approximation, this simplifies to:
∼ − 1
2i
∫ τ
−∞
dtei(EI−E0)tdI,0E(t)e−i(ω0t− t
2
β ) (A.2)
Noting that the integrand oscillates quickly for |t− tI | &√
β with tI = (ω0 − EI + E0)β2 , predominantly values
in the vicinity of tI contribute to the integral so that,
given that the amplitude E(t) varyies neglegibly within
the time interval [tI−
√
β, tI+
√
β], one may approximate
the above expression by:
αI(τ) ∼ − 1
2i
dI,0E(tI)e−i
t2I
β
∫ τ
−∞
dtei
(t−tI )2
β . (A.3)
For τ  tI +
√
β, the integral becomes mostly τ -
independent so that for this limiting case, the upper bor-
der of the integral might be set to +∞ which allows one
to evalueate the integral analytically. With this, one finds
for the transition ampitude αI(τ  tI +
√
β):
αI(τ  tI +
√
β) ∼ − 1
2i
dI,0E(tI)e−i
t2I
β
√
piβei
pi
4 . (A.4)
2. Transition amplitudes to valence-excited states
αF
Turning to the transition amplitude of the valence-
excited states |F 〉, the first non-vanishing term in the
perturbation series is the second order one:
αF (τ) ∼ 1
i
∑
I
∫ τ
−∞
dtαI(t)〈F |Vˆ (t)|I〉 (A.5)
= −1
i
∑
I
∫ τ
−∞
dtαI(t)dF,Ie
i(EF−EI)t 1
2
[E(t)e−i(ω0t− t2β )+c.c.]
(A.6)
In the rotating wave approximation, this simplifies to:
∼ −1
i
∑
I
∫ τ
−∞
dtαI(t)dF,Ie
i(EF−EI)t 1
2
E(t)ei(ω0t− t
2
β )
(A.7)
Noting that the integrand oscillates quickly for |t−tF,I | &√
β with t ∼ tF,I = (EF −EI +ω0)β2 , predominantly val-
ues in the vicinity of t ∼ tF,I contribute to the integral. If
|tI − tF,I | 
√
piβ, the coefficients αI(t) can be assumed
to be time independent. With this, one can find an ap-
proximation for the second-order coefficients for this par-
ticular limiting case using analogous steps as described
above for the transition amplitudes αI(τ  tI +
√
β):
αF (τ  tF,I +
√
β) ∼ − 1
2i
∑
I
αI(tF,I)
E(tF,I)dF,Iei
t2F,I
β
√
piβe−i
pi
4 (A.8)
3. Spectrum of the transmitted light
In the following, we will derive an approximate ex-
pression for the spectrum of an x-ray pulse propagat-
ing through a sample of atoms at photon energies in the
vicinity of the dump-transition energies. Eventuelly, this
will allow us to determine an approximate expression for
the emission cross section in this spectral region. Here,
we will consider the impulsive limit, i.e. the situation
where the temporal range spanned by the times tI and
the times tF,I , respectively, is small in comparison to the
dynamical timescales being probed, small in comparison
to
√
β as well as small in comparison to the character-
istic timescale on which the slowly varying envelope E
changes. Moreover, propagation effects will not be taken
9into account, i.e., we assume that the field-induced tran-
sition amplitudes remain independent of the propagation
distance.
Our procedure will be devided in two steps: First,
we will determine the Fourier transform of the polar-
ization that is associated with the field-induced dump-
transitions.
In a second step, we will use this expression, which
enters the right side of Eq. A.9, to obtain the spatial
evolution of the spectral amplitude of the electric field in
the spectral region associated with the dump-transition
energies.
∂E˜(z, ω)
∂z
= 2pii
ω
c
P˜(z, ω). (A.9)
a. Field-induced polarization
The polarization associated with the dump transitions
PDump(z, t) is given by:
PDump(z, t) = ρ
∑
I,F
αI(t)αF (t)〈I|D|F 〉+ c.c. (A.10)
Here, ρ denotes the atomic number density and D is the
dipole operator. In the impulsive limit, the coefficients
may be approximated by:
αI(t) ∼ Θ(t− tI)αI(t tI +
√
β)e−
ΓI (t−tI )
2 (A.11)
αF (t) ∼ − 1
2i
∑
I
Θ(t−tF,I)αI(t tI+
√
β)e−
ΓI (tF,I−tI )
2
E(tF,I)dF,Iei
t2F,I
β
√
piβe−i
pi
4 (A.12)
where phenomenologically, exponential factors e−
ΓI (t−tI )
2
and e−
ΓI (tF,I−tI )
2 , respectively, are introduced to take into
account the finite life times 1ΓI of the core-excited states|I〉. With this, the polarization PDump(z, t) may be ap-
proximated by:
PDump(z, t) = − ρ
2i
∑
I,I′,F
Θ(t− tF,I′)αI(t tI +
√
β)
e−
ΓI (t−tI )
2 αI′(t tI′ +
√
β)e−
Γ
I′ (tF,I′−tI′ )
2 E(tF,I′)
dF,I′e
i
t2
F,I′
β
√
piβe−i
pi
4 dI,F e
i(EI−EF )t + c.c. (A.13)
.
In the following, we will derive an approximate expres-
sion of the Fourier transform of PDump(z, t).
The Fourier transform of PDump(z, t) is given by:
P˜Dump(z, ω) =
∫
dteiωtP(z, t) (A.14)
which is, using Eq. A.13, approximately:
= − ρ
2i
∑
I,I′,F
αI(t tI +
√
β)αI′(t tI′ +
√
β)
E(tF,I′)ei
t2
F,I′
β
√
piβe−i
pi
4 dF,I′dI,F
i
ei(EI−EF+ω)tF,I′
EI − EF + ω + iΓI2
e−
ΓI
2 (tF,I′−tI)e−
Γ
I′
2 (tF,I′−tI′ )
+
ρ
2i
∑
I,I′,F
αI′(t tI′ +
√
β)αI(t tI +
√
β)
E(tF,I′)e−i
t2
F,I′
β
√
piβei
pi
4 dI′,F dF,I
i
ei(EF−EI+ω)tF,I′
EF − EI + ω + iΓI2
e−
ΓI (tF,I′−tI )
2 e−
Γ
I′ (tF,I′−tI′ )
2 (A.15)
For ω > 0 one may neglect terms that are proportional
to:
1
EI − EF + ω + iΓI2
(A.16)
so that:
P˜Dump(z, ω > 0) ∼
ρ
2
∑
I,I′,F
αI′(t tI′ +
√
β)αI(t tI +
√
β)
E(tF,I′)e−i
t2
F,I′
β
√
piβei
pi
4 dI′,F dF,I
ei(EF−EI+ω)tF,I′
EF − EI + ω + iΓI2
e−
ΓI (tF,I′−tI )
2 e−
Γ
I′ (tF,I′−tI′ )
2 . (A.17)
Using Eq. A.4, one finds:
P˜Dump(z, ω > 0) ∼
ρpiβ
8
∑
I,I′,F
d0,I′E(tI′)ei
t2
I′
β dI,0E(tI)e−i
t2I
β
E(tF,I′)e−i
t2
F,I′
β
√
piβei
pi
4 dI′,F dF,I
ei(EF−EI+ω)tF,I′
EF − EI + ω + iΓI2
e−
ΓI (tF,I′−tI )
2 e−
Γ
I′ (tF,I′−tI′ )
2 (A.18)
Focussing on the prominent features which occur at fre-
quencies
ω ∼ EI − EF (A.19)
one may set
ei(EF−EI+ω)tF,I′ ∼ 1, . (A.20)
In the impulsive limit, it holds true that
E(tI) ∼ E(t1) ∀ I, (A.21)
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so that one may further approximate the spectral ampli-
tude of the polarization to:
=
ρpiβ|E(t1)|2
8
∑
I,I′,F
d0,I′e
−i t
2
I′
β dI,0e
−i t
2
I
β
E(tF,I′)e−i
t2
F,I′
β
√
piβei
pi
4 dI′,F dF,I
1
EF − EI + ω + iΓI2
e−
ΓI (tF,I′−tI )
2 e−
Γ
I′ (tF,I′−tI′ )
2 (A.22)
Using the notation:
tI′ = tI + ∆ (A.23)
tF,I′ = tF,I + ∆ (A.24)
one may write the exponential factors:
ei
t2
I′
β e−i
t2I
β e−i
t2
F,I′
β (A.25)
as:
= ei
(2∆tI−2∆tF,I )
β e−i
t2F,I
β . (A.26)
Using
∆ = (EI − EI′)β
2
(A.27)
one finds that
ei
t2
I′
β e−i
t2I
β e−i
t2
F,I′
β = e−i(EI−EI′ )(tF,I−tI)e−i
t2F,I
β (A.28)
so that
P˜Dump(z, ω) ∼ ρpiβ|E(t1)|
2
8
∑
I,I′,F
d0,I′dI,0
e−i(EI−EI′ )(tF,I−tI)
E(tF,I′)e−i
t2F,I
β
√
piβei
pi
4 dI′,F dF,I
1
EF − EI + ω + iΓI2
e−
ΓI (tF,I′−tI )
2 e−
Γ
I′ (tF,I′−tI′ )
2 (A.29)
Considering that the Fourier transform of the electric
field can be approximated by:
E˜(ω) = 1
2
∫
dteiωt
[E(t)e−i(ω0t− t2β ) + c.c.]
∼ 1
2
∫
dteiωt
[E(t)e−i(ω0t− t2β )]
∼ 1
2
E(tω)e−i
t2ω
β
√
piβei
pi
4 (A.30)
where tω = (ω0 − ω)β2 , one finds in the impulsive limit
noting that for ω ∼ EI − EF , tF,I ∼ tω:
P˜Dump(z, ω > 0) ∼ ρpiβ|E(t1)|
2
4
∑
I,I′,F
d0,I′dI,0e
−i(EI−EI′ )(tF,I−tI)
E˜(ω)dI′,F dF,I
1
EF − EI + ω + iΓI2
e−
ΓI (tF,I′−tI )
2 e−
Γ
I′ (tF,I′−tI′ )
2 (A.31)
In the impulsive limit, one may replace the excita-
tion times tI by the average excitation time t1 and the
deexcitation times tF,I by the average excitation time
t2 = 〈tF,I〉F,I .
This yields:
P˜Dump(z, ω > 0) ∼ ρpiβ|E(t1)|
2
4
∑
I,I′,F
d0,I′dI,0e
−i(EI−EI′ )(t2−t1)
E˜(ω)dI′,F dF,I
1
EF − EI + ω + iΓI2
e−
ΓI (t2−t1)
2 e−
Γ
I′ (t2−t1)
2 (A.32)
b. Spatial evolution of the spectrum
We now insert the approximate expression for
P˜Dump(z, ω > 0) given in Eq. A.32, in Eq. A.9 to deter-
mine the spatial evolution of the spectrum:
∂E˜(z, ω)
∂z
∼ iρpi
2ωβ|E(t1)|2
2c
∑
I,I′,F
d0,I′dI,0e
−i(EI−EI′ )(t2−t1)dI′,F dF,I
1
EF − EI + ω + iΓI2
e−
ΓI (t2−t1)
2 e−
Γ
I′ (t2−t1)
2 × E˜(z, ω)
(A.33)
This equation can be solved analytically yielding an ex-
ponential spatial dependence of the spectral amplitude
E˜ . For the propagation-distance-dependent spectrum
|E˜(z, ω)|2, one obtains:
|E˜(z, ω)|2 ∼ |E˜(z = 0, ω)|2eσρz (A.34)
where σ denotes the emission cross section:
σ = −pi
2ωβ|E(t1)|2
c
Im
[ ∑
I,I′,F
d0,I′dI,0e
−i(EI−EI′ )(t2−t1)dI′,F dF,I
1
EF − EI + ω + iΓI2
e−
ΓI (t2−t1)
2 e−
Γ
I′ (t2−t1)
2
]
(A.35)
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